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SUMMARY 


Process  planning  Is  the  activity  which  determines  how  a product  is  to  be 
manufactured.  There  are  several  levels  of  process  planning  activity.  Early 
in  product  engineering  and  development,  process  planning  is  responsible  for 
determining  the  general  methods  of  production.  In  the  last  stages  of  design, 
part  design  data  is  transferred  from  engineering  to  manufacturing  and  process 
planners  develop  the  detail  work  package  for  fabricating  the  part. 

Process  planning  is  a major  determinant  of  the  cost  of  machined 
components.  It  determines  the  sequence  of  operations  and  utilization  of 
machine  tools.  Cutting  tools,  fixtures,  gages,  and  other  accessory  tools 
are  specified.  Dimensions  and  tolerances  are  determined  for  each  stage  of 
forming  the  workpiece.  Feeds,  speeds  and  other  parameters  of  a metalcutting 
process  are  determined.  Requirements  for  special  processes,  such  as  nitriding 
and  plating,  are  determined  and  the  production  methods  specified. 

These  activities  of  process  planning  are  predominantly  labor-intensive. 
Furthermore,  process  planners  have  varied  skills  and  background  and  seldom 
will  two  planners  produce  the  same  process  plan.  Therefore,  savings  available 
through  standardization  and  production  cost  analysis  of  the  process  are  often 
forfeited.  Industry  has  also  observed  in  recent  years  a trend  of  less  people 
available  for  process  planning.  Process  planners  are  retiring  from  the  field 
at  a faster  rate  than  people  are  being  trained.  This  situation  could  endanger 
a manufacturer's  ability  to  perform. 

The  above  situation  coupled  with  government  and  industry  objectives  to 
reduce  costs  or  alternatively  improve  productivity  has  led  to  the  widespread 
interest  in  computerized  process  planning.  After  several  years  of  research 
and  development  activity,  computer  systems  in  process  planning  are  beginning 
to  emerge.  Computerized  Production  Process  Planning  (CPPP)  is  such  a system 
developed  by  United  Technologies  Research  Center.  The  system  assists  process 
planners  in  planning  the  production  of  machined  cylindrical  parts.  Through 
the  use  of  automatic  and  semiautomatic  means,  CPPP  generates  a summary  of 
operations  and  the  detail  operation  sheets  required  by  the  workshop.  Opera- 
tion sheets  include  sketches  of  the  fully  dimensioned  workpiece  with  toler- 
ances. Machine  tool,  out  sequences,  tools,  and  machining  parameters  are 
also  specified. 

CPPP  is  a first  system  aimed  at  developing  an  advanced  technology  to  plan 
and  control  the  cost  of  machined  parts.  The  immediate  objective  has  been  to 
develop  a system  which  will  standardize  the  production  process  by  automating 
the  planning  activities.  It  was  also  an  objective  to  develop  a system  that 
could  be  used  to  analyze  and  evaluate  process  alternatives.  Later  enhancements 
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to  the  teohtiolojy^  could  provide  I'or  optimizing'  the  process  Hiui  would  address 
uoucy  I iudr  icnl  parts  aj;  well  as  cylindrical  parts.  Tlie  basic  concepts  of  Cl’l’l’ 
are  believed  to  apply  in  principle  to  all  imichined  parts. 

The  prof.riun  reported  herein  had  three  primary  objectives: 

• Hescril't*  tin*  Computer  Production  Process  Planning'  system  technoloRy. 

• Demonstrate  application  of  the  technology  for  a cylindrical  part 
fiuni  iy  apptMved  by  the  Army. 

• Determine  the  Ix'iiefit.s  of  computerized  process  pituininf'  in  p.eneral 
.'uid  CPPP  in  particular. 


CPPP  Technoloo’ 

Calient  fcjilures  of  tli<-  CPPP  C*  klJ  1 o lof^y'  ar-'  prooens  di'cision  modelitu’:. 

p.eometric  model  iuf;,  product iot\  cost  and  rate  analysis,  dimension  and  tolerance 
luialysic.,  mid  imui-machine  conunun i cati on.  Process  decision  iiuvieliiu';  is  a 
techniiiue  developed  by  inHC  to  spt>cify  tlu'  manufactur inf;  rationale  associated 
with  the  production  of  part  families  by  a manufacturer . Process  models  are 
input  to  the  data  bas>e  and  are  used  by  CPPP  to  mal^e  decisions,  in  fcnerat.inf 
se.iuences  of  operations.  Tlie  models  account  for  variances  in  part  material, 
fcomt'tiy  ;uui  special  process  requi  remen  t.s . A computer  process  pi  min  inf  Imi- 
fuafe  called  COITTj  and  a lanfuafe  j'r.icessor  were  developed  t.o  support,  the 
implementation  of  process  mcnlels.  Tliis  provides  the  capabilit.y  to  impleim'nt 
CPIT'  in  miy  nuuiufact  ur inf  environment,. 

in  addition  to  process  models,  the  nuanufacturer  must,  develop  a iarfe 
data  base  when  implementinf  CPPP.  Machine  t ool  descript.i  ons , types  of  cuts 
ma.le  by  m.iehines,  cutter  tools,  stock  removal  and  tolormice  data,  and  machin- 
ability  data  are  needed.  Complete  part  design  information  must  also  be  stored 
in  the  data  base.  CIT’P  requires  information  equivalent,  to  the  blueprint  t.o 
fenerate  a process  plmi.  Material,  shape,  dimensions,  tolerances,  form  con- 
.litions,  surface  finishes  and  sp.'cial  process  requirements  must  bt'  specified. 

I'PPl'  does  not  depend  totally  on  automatic  methods  of  generatinf  process 
plniui.  An  extensive  iiuui-machine  int.<'raction  system  can  he  used  by  process 
plminers  to  review  or  modit'y  process  decisions  made  by  CPPP.  Metalcutting  and 
nonmeta  1 cutt inf  o^vrations  an.l  sequences  can  lx'  define.l.  Also,  det.ai  1 opera- 
tion data  s.uch  as  machine  tools,  cut.  sequences,  tools,  and  feeds  and  speeds 
can  lx*  speci  Tied. 
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CPPP  Demonstration 

CPPP  was  developed  and  implemented  as  a demonstration  system  to  show  how 
a process  planner  working  at  a graphic  display  terminal  would  develop  a process 
plan  for  a nitralloy  sleeve.  A process  model  and  data  base  were  developed 
for  a part  family  of  nitralloy  sleeves  manufactured  by  the  Hamilton  Standard 
Division  of  United  Technologies  Corporation.  The  family  includes  components 
of  the  JPCT8  Fuel  Control  for  the  General  Electric  T700  engine,  which  was 
selected  to  power  the  Army  UTTAS  helicopter  being  developed  by  Sikorsky 
Aircraft.  The  demonstration  part  is  made  from  AMS61^70  bar  stock  and  has 
requirements  of  nitriding  to  produce  case  hardness.  The  part  family  consists 
of  parts  with  complex  ID  and  OD  geometry  with  cylindrical  and  non cylindrical 
features.  Part  sizes  are  up  to  six  inches  in  length  and  diameters  up  to  two 
inches.  Surface  finish  requirements  are  very  smooth  and  roundness,  straight- 
ness, and  taper  form  conditions  are  tight.  The  part  family  is  of  a complexity 
that  manufactured  components  can  require  up  to  forty  (I4O)  operations. 

The  demonstration  system  shows  that  advanced  computerized  process  planning 
is  technologically  feasible  and  the  CPPP  system  can  be  implemented  for  any 
manufacturer  of  machined  cylindrical  parts.  It  also  shows  that  CPPP  reduces 
process  planning  labor  and  lead  time,  provides  benefits  of  process  plan  stan- 
dardization, and  can  be  used  to  evaluate  process  alternatives.  Also,  it  shows 
that  process  planners  can  effectively  communicate  with  the  computer  to  perform 
a variety  of  process  planning  activities. 


Benefit  Analysis 

A benefit  analysis  of  computerized  process  planning  systems  and  CPPP, 
in  particular,  was  performed.  The  analysis  involved  three  steps.  First,  the 
benefits  of  computerized  process  planning  to  a broad  spectrm  of  metalcutting 
industry  were  analyzed.  Three  different  computer  system  capabilities  were 

considered.  An  industry  survey  was  used  to  collect  data  and  sample  opinion 

relevant  to  the  benefits  of  each  capability.  The  second  step  was  a case  study 

to  estimate  the  benefits  of  the  demonstrated  CPPP  system  to  the  Hamilton 

Standard  Division  of  United  Technologies  Corporation.  Finally,  the  benefits 
of  CPPP  to  defense  industry  were  studied  and  the  results  used  to  estimate 
procurement  cost  savings  by  defense  agencies.  The  impact  on  future  procurement 
costs  for  missiles  and  other  defense  materials  was  estimated.  As  in  the  first 
step,  a smrvey  was  used  to  develop  expected  benefits  to  defense  industry. 

The  analyses  show  that  computerized  process  planning  offers  substantial 
cost  savings  to  industry  and  that  defense  agencies  would  benefit  through 
reduced  procurement  costs.  Cost  savings  in  producing  machined  components  will 
occur  in  process  planning,  workshop  operations  eind  tool  costs.  In  addition. 
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there  will  be  Intangible  benefits  in  lead  time,  machine  utilization,  production 
scheduling,  and  other  areas.  Net  cost  reductions  of  over  % are  expected  from 
advanced  process  planning  systems.  A discounted  cash  flow  analysis  of  the  CPPP 
system  yielded  potential  savings  of  $860  million  in  defense  procurement  for  the 
period  FY78  through  FY87.  If  use  of  the  system  by  15^  of  defense  industry  is 
assiuned,  this  translates  into  savings  of  $130  million. 
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PREFACE 


The  work  reported  herein  was  performed  for  the  U.  S.’Army  Missile 
Research  and  Development  Command,  Redstone  Arsenal,  Alabama,  under  Contract 
DAAKhO-76-C-llO^ . The  Missile  Research  and  Development  Command's  technical 
representative  was  Richard  A.  Kotler.  United  Technologies  Research  Center 
(UTRC),  East  Hartford,  Connecticut,  was  the  prime  contractor.  IIT  Research 
Institute  (lITRl),  Chicago,  Illinois  and  the  Hamilton  Standard  Division, 

United  Technologies  Corporation,  Windsor  Locks,  Connecticut  were  subcontractors. 

UTRC,  the  prime  contractor,  developed  the  description  and  demonstration  of 
the  CPPP  system.  In  addition,  UTRC  provided  data  and  estimates  relevant  to 
benefit  analysis  and  participated  in  the  case  study  of  benefits  reported  in 
Section  3.2.  Wilbur  S.  Mann,  Chief,  Computer  Science  Research,  was  Program 
Manager.  The  Principal  Investigator  was  Mark  S.  Dunn,  Jr. 

IITRI  performed  the  major  portion  of  the  benefit  analyses  presented  in 
Sections  3.1  and  3.3.  Hsien-Hwei  Hunger  Shu  and  John  D.  Meyer  were  IITRI 's 
Principal  Investigators. 

Hamilton  Standard  provided  data  for  the  benefit  analyses  and  the  data 
base  for  the  CPPP  demonstration.  Norman  J.  Ruel  was  Principal  Investigator. 

An  Interim  Report  was  submitted  in  November  1976.  The  large  quantity  of 
data  and  analyses  given  in  Volumes  II,  III,  and  IV  of  the  Interim  Report  are 
not  reproduced  here.  Instead,  a summary  is  included  and  those  volumes  are 
incorporated  by  reference  into  the  Final  Report. 


5 


R77_9l42625-li*  ' 

I 


ACKNOWLEDGMENTS 


The  contributions  of  several  persons  participating  in  this  program  are 
gratefully  acknowledged. 

Messrs.  John  D.  Meyer,  Hsien-Hwei  H.  Shu,  Jack  P.  Kornfeld, 

C.  Peter  Grinstead,  Henry  M.  Tockman  and  Charles  A.  Wells  and 
Ms.  Janis  C.  Church  of  the  IIT  Research  Institute  participated  in  the 
collection  and  analysis  of  benefit-related  data.  The  major  portion  of  the 
benefit  analyses  reported  here  were  performed  by  them  and  other  IITRI 
personnel. 

Messrs.  Norman  J.  Ruel  and  Robert  A.  Howe  of  Hamilton  Standard 
collected  information  for  the  demonstration  data  base  and  participated  in 
benefit  analysis. 

Messrs.  William  S.  Strickland,  Robert  T.  Leo,  and  Darryl  E.  Parsley 
played  important  roles  in  developing  the  CPPP  demonstration. 

Special  thanks  are  due  to  the  companies  which  provided  data  for  benefit 
analyses.  These  are  listed  in  Tables  3 and  15. 

Mr.  Richard  A.  Kotler,  the  U.S.  Army  Missile  Research  and  Development 
Command's  Technical  Representative,  provided  valuable  guidance  to  the  program. 


I 

i 


1 

I 


6 


J 

J 


r 


I 

I 

RTT-9'^2625-li* 

® Computerized  Production  Process  Planning 


TABLE  OF  CONTENTS 

PuRe 


SUMMARY 1 

1.0  INTRODUCTION 15 

1.1  Oetieral  Baokfjrouiid 15 

l.S  Crrr  Technolopy  Objectives 17 

1.1  Method  of  Approach  to  Benefit  Analysis  19 

5.0  Ci'lT  TECHN0L0C.Y 21 


J.l  System  Overview 

2.2  Plan  Sequence  of  Operations 

2.3  Plan  Operation  Details  

2.1i  Calculation  of  Dimensions  and  Tolerances 
2.5  Man-Machine  Communication.^ 


3i* 

53 

70 

82 


3.0  PENEFIT  ANALYSIS  89 

3.1  General  Industry  Benefits 89 

3.2  Case  Study  of  CPPP  Benefits 103 

3.3  Defense  Industry  and  Government  Agency  Benefits 109 

U.O  RECOMMENDED  CPPP  ENHANC»tENTS 121 


APPKNDICH' 


A.  STRUCTURED  DECOMPOSITION  OF  CPPF 123 

B.  INTERACTIVE  DISPLAYS  1^3 

C.  MANUFACTURING  DATA  BASE Ibl 

D.  COMPUTER  PROCESS  PLANNING  LANGUAGE  AND  LANGUAGE  PROCESSOR.  . . 193 

E.  PROCESS  DECISION  MODEL  FOR  NITRALLOY  SLEIAIES  203 

F.  VOCABULARY  PROGRAMS 219 

G.  TYPES  OF  CUTS 237 

H.  DEFENSE  B^EFITS  DATA  AND  CALCUIATIONS 257 


I 


; 

/ 

I 

('• 


I 


I 


7 


R77-9'*2625-li* 


LIST  OF  FIGURES 

Figure  No.  Title  Page  No. 


1 CPPP  Implementation  Concept  21 

2 CPPP  Software  Components 23 

3 Design  Data  as  Given  by  Blueprint 25 

1+  Siimmary  of  Operations 27 

5 Detailed  Operation  Sheet  28 

6 Process  Planning  Functions  31 

7 lype  of  Metalcutting  Operation  Data  Generated  When 

Planning  Sequence  of  Operations  35 

8 Example  of  Operation  Data  that  is  Generated  for 

Each  Part  Surface  When  Planning  Sequence  of  Operations.  . 35 

9 Typical  Surface  Finish  Ranges  for  Production  Processes.  . 37 

10  Examples  of  Nitralloy  Sleeves  38 

11  Examples  of  Sleeves  Requiring  Different  Processes  ....  39 

12  Example  of  Operation  Sequencing  Structure  in  a Process 

Model ii2 

13  Example  of  Axiom  to  Shape  Bar  Stock l*i* 

lU  Example  of  Syntax  Tree  for  Logical  Expression 1*5 

15  Example  of  Simple  Metalcutting  Axiom 1*7 

16  Example  of  Simple  Metalcutting  Axiom 1*8 

17  Example  of  Single  Feature  Metalcutting  Axiom 1*9 

18  Example  of  Multiple  Operation  Metalcutting  Axiom  ....  1*9 

19  Example  of  Multiple  Operation  Metalcutting  Axiom  for 

Noncylindrical  Feature 50 

20  Example  of  a Single  Feature  Metalcutting  Axiom  51 

21  Example  of  Nonmetalcutting  Axiom  to  Generate  Nitride 

Operation 51 

22  Example  of  Nonmetalcutting  Axiom  to  Inspect  the  Thru  Bore  51 

23  Examples  of  Branching  Axioms  52 

2h  The  Detailed  Planning  Network  Problem  53 

25  First  Six  Rows  of  the  Operations  Matrix  for  a Sample  Part  56 

26  Material  Removed  in  an  Operation 59 

27  Material  Removal  Decomposition  60 

28  Sample  Cut  Applications 6l 

29  Identification  of  Cut  Types 62 

30  Cutting  Tool  Candidates 63 

31  Tool  Combination  Subnetwork 6'( 

32  Machining  to  Blueprint  Dimensions  70 

33  Machining  to  Calculated  Dimensions  7I 

3^  Relationship  Between  Tolerance  and  Stock  Removal  ....  73 

35  Relationships  Between  Material  Removal,  Reference 

Sides  and  Dimensions 75 


9 


FRXCSalNO  FAOS  BtAUt 


rT7-9^2625-11* 


I 

f 


I 

LIST  OF  FIGURES  (Cont'd)  ' 


Fi^iure  No. 


Title 


Pase  No. 


36 

37 

38 
30 
to 
tl 
h2 
U-'s 
Ul 

t6 

t7 

t8 

tq 

50 

51 

52 

53 
5t 

55 

56 

A1 

Cl 

C2 

C3 

CU 

D1 

FA 


Tolerance  Chart  Layo 't 

Completed  Tolerance  Chart  

Overview  of  CPPP  

Interaction  Points  in  CPPP  Initiation  

Interaction  Points  in  Planning  Sequence  of  Operations.  . 
Interaction  Points  in  Planning  Operation  Details  .... 

Machined  Farts  as  a Percentage  of  Product  Value 

Lot  Size  Distribution 

Number  of  Lots  Per  Year  for  a Part  

Breakdown  of  Manufacturing  Cost  for  Machined  Parts  . . . 
Hreaktlown  of  Process  Planning  Costs  for  New  Process  Plans 
Estimates  of  Overall  Fabrication  Cost  Savings  from 

Computerized  Process  Planning  

Dependence  of  Benefits  on  Machining  Volume  and  Part 

Similarity  

Results  of  Cash  Flow  Analyses  for  Composite  of  Responding 

Companies  

Cost  Breakdown  for  Machined  Part  Manufacturing  

Labor  Requirements  for  Manual  Proces  Planning  

CPPP  Impact  on  Process  Planning  Labor 

Estimated  CPPP  Savings  in  Shop  Fabrication  

Estimates  of  Net  Annual  Recurring  Savings  from  CPPP.  . . 
Estimated  CPPP  Benef it-to-Cost  Ratios  for  Defense 

Companies  for  a Ten  Year  Period 

Estimated  Discounted  Cumulative  Net  Present  Value  of 

CPPP  to  Defense  Companies  for  a Ten  Year  Period 

Structured  Decomposition  

Cliaining  Sclieme  for  Surface  and  Feature  Blocks 

Order  of  Surfaces  in  Geometric  Descriptions 

Order  of  Input  for  Surfaces  and  Features  in  Geometry 

Description  

Numbering  Scheme  for  Raw  Material  Geometry  

Example  of  a Process  Model  Programmed  Element 

Illustration  of  Design  Variance  Covered  by  Process 
Decision  Model  for  Nitralloy  Sleeves  


77 

78 

8n 

85 

86 
87 

91 

92 

92 

93 

qu 

96 


102 

102 
10 1 

105 

106 

107 

108 
113 

113 

12!i 

163 

I6q 

170 

176 

193 


20(4 


I 


i 


10 


R77-9U2625-1U 


LIST  OF  TABLES 

Table  No.  Title  Page  No. 

1 Model  Rationale  for  Largest  OD  

2 CPPP  Machining  Parameters,  . 51+ 

3 Companies  Responding  to  General  Industry  Survey.  ...  gg 

U Types  of  Process  Plans  and  Their  Costs  93 

5 Potential  Cost  Savings  for  CPPP  Systems ^9 

6 Average  Estimated  Installation  and  Maintenance 

Costs  for  CPPP  Systems 95 

7 Impact  of  Computerized  Process  Planning 

In  Intangible  Areas 9Y 

8 Types  of  Manufacturers  Usei*  in  Benefit  Analysis.  ...  99 

9 CPPP  Cost  Reductions  Used  in  Analyses 99 

10  Summary  of  Cash  Flow  Analysis  Results  for 

Twenty-Four  Original  Cases 2.00 

11  Summary  of  Cash  flow  Analysis  Results  for  the 

Twelve  Additional  Cases ^.Ol 

12  CPPP  Impact  on  Process  Planning ^.Q'j 

13  Estimated  CPPP  Savings  in  Shop  Fabrication 

lU  CPPP  Implementation  Cost  Estimates 2.07 

15  Companies  Responding  to  Defense  Industry  Survey.  . . . 210 

16  Average  Savings  and  Costs  Estimates  from 

Defense  Industry  Survey 2.10 

17  Responses  to  the  Question:  Will  CPPP  Have  Major 

Advantages  in  This  Area? 2.12 

18  Cost  Reduction  Factors  Used  in  Defense  Industry 

Cash  Flow  Analyses 2.14 

19  Procurement  Cost  Savings  Potential  of  CPPP II6 

20  Estimated  Procurement  Cost  Savings  from  CPPP II6 

21  Projected  Defense  Industry  Implementation  of  CPPP.  . . 117 

22  Project  Change  in  Cost  of  Procurement  for  a Company.  . nQ 

23  Projected  Savings  in  Defense  Procurement  Using 
Estimated  Schedule  for  CPPP  Implementation  by 

Industry II9 

Cl  Format  of  General  Part  Data  Cards I68 

C2  Format  for  Surface/Feature  Card  Pair 172 

C3  Code  Numbers  used  in  Surface/Feature  Cards 173 

C4  Format  of  Geometry  Separator  Card 176 

C5  Machine  Class  Card  Format 176 

C6  Machine  Tool  Card  Format 178 

C7  Common  Machine  Tool  Data  Card  Format 179 

C8  Format  of  Particular  Machine  Tool  Data  Card 

for  Lathes I80 


11 


R77-9l*2b2^-Ll( 


Table  No. 


TltJe 

Format  of.  I’articular  Machine  Tool  Data  Card 

for  Deep  Hole  Drills  

Format  of  I’articular  Machine  Tool  Data  Cards; 

for  Crush  Crinder.s 

Format  of  Farticular  Machine  Tool  Data  Cards 
for  Internal  Diameter  Grinders  


Format  of  I’articular  Machine  Tool  Datsi 
Cards  for  External  Diameter  Grinders  . 
Fi.\rmat  of  I’articular  Machine  Tool  Data 
Cards  for  Gurface  Gi'indei's 


Format  of  i’articular  Machine  Tool  Data 

Cards  foi‘  Hones 

Format  of  Machine  Class  Card  for  Cut 

Application  f'’ile 

Format,  of  Machine  Tool  Card  for  Cut  Application 

File 

Format  of  I’art,  K;unily  Card  for  Cut  Application 

File 

Format  of  Directory  Header  Card  for  Cut 

Ap}>lication  File 

Format  of  Directory  Data  Card  for  Cut 

Applicat, ion  File 

Format  of  Toolinp,  Header  Card  for  Cut.  Application 

Fi  le 

Foi'mat.  of  Input  Cards  for  Toolirif^  Data 

Guhkey  Values  for  Tool  List  Key  in  Tooling  Input. 

Data  for  Cut  Application  File 

Format  of  Machine  Class  Card  for  Cut  Dariuneter 

1'  i 1 

Format  of  Material  Carci  for  Cut  Par  uneter  File  . , 

Formal,  of  Cut  Parirmeter  Data  Card 

Fonnat  of  Machine  Class  Card  for  Machinabil ity 

File- 

Foi-mat.  of  C\it  Appl  icat.ion/Mator  ial  Card 

for  Machiriabi  1 ity  File 

Format,  for  Depth  of  Cut  Card  in  Macliinabil  i ty 

Fi  It' 

Format  of  Material  Specification  Card  in 

Macliinabi  1 ity  File 

KxJimple  of  Metalcuttinp  Axiom  Structure 

Computer  Process  Planning  Language 

(COPPI.)  Definition 

Ex.'unple  of  Conditional  Expression  Structure 
Orranizoti  as  a Transfer  Table 


R77-9‘*26C5-1»4 


Table  No. 


Title 


I 'age  No 


FI 

FC 

111 

111 


tip 

li3 

till 

lib 

HY 

iia 

li') 

iilb 

lil  i 
lil.' 
1113 

fill* 

H15 

Hl6 


Voeabular-j'  Term  Uaage 

VcK’af)uiary  Tenna 

'I'ypoa  of  Cut;’.  

Input,  [fata  For  Caahi  Flow  Analyai.a  — Impart  of 
Demount  rat  ion  Cl'1'1'  On  barge  Comp.any  Witli  High  fart 

0 imi  l.arit.y 

Ca;;li  Flow  Analy;;ia  — Imi'aot  of  Demonstration 
Cl'i'l'  I'n  l,.arge  Comp.any  Wit,l\  Higli  fart  Cimil.arity  . . 
Ceni;  i t i V i ty  Analy:',in  --  Impact  of  Demunatrat  ion 
Cfi’f  t'n  batate  Company  With  High  i'art,  Dimilnrit.y  . . 
Input  l)at,,a  For  C.a:;li  Flow  Analyr.ir.  — Impact,  t'f 
Advanced  Ci'I'i’  On  l.arge  Company  Witli  Higli  fart 

i'.  imi  lar  i t.y 

C.anh  Flt'w  An.aiyt'.  L;;  --  Imp.aot  of  Adviut.’ed  t'fff 

On  barge  t’omp.any  With  High  fart  oimil.arity 

Ceiu'.  i t.  i V i ty  Analyni;;  — Imp.'iet  tif  Advanced  Cl'fl' 

On  !..at>;<’  ('<'mpany  With  High  f.art.  Cimi  lar  i t.y 

input.  Iiata  For  Car.h  Flow  Analy:;i:;  — Imp.act.  t'f 
Demonstrat  ion  (.’fl'f  ()n  Mediiun  oise  (\'mp.an.v  With 

F.air  I'.art  Similarity 

Ca;’.h  Flow  Analy:;i;',  — Impact  of  Demon;; t r.ai  ioii  t'l’ff 
thi  Medium  Size  Company  Witli  Fair  fart  Simi  lari  t.y.  . 
Senait  ivity  Analysis  — Impact  Of  DemoinO.rat.  i on 
CFl’P  On  Medium  Size  Company  With  Fair  fart. 

Similarity 

Input  Dat.a  For  Cash  Flow  Analysis  — Impact  Of 
Advanced  CffP  On  Medium  Size  Company  With  F.air 

i’art  Similarity 

Cash  Flow  Analysis  — Impact  of  Advanced  CI'l'D  On 
Medium  Size  Company  With  Fair  I'.art.  Similarity  . . . 
Sensitivity  An.alysis  — Imp.act  Of  Advanced  CI’l’D  On 
Mediujii  Size  Company  With  Fair  fart.  Similarit.y  . . . 
Input  Dat.a  For  Cash  Flow  Analysl.a  — Impact.  Of 
Domonstrat ion  CFPf  On  Small  Company  With  High  i’art. 

Similarity 

Cash  Flow  Analysis  — impact  <jf  Demonstrnt i on  Cl’PP 

On  Small  Company  With  High  Part  Similarity 

Sensitivity  Analysis  — impact,  of  Demonst.rat  ton 
CPPP  On  Small  Company  With  High  P.arl.  Similarit.y  . . 
Input  Data  For  Cash  Flow  Analysis  — Impact  of 
Advanced  CPPP  On  Small  Company  With  High  i'art 
Similarity 


?20 

221 

238 


P71 

272 

273 

.’7  It 


27t> 

277 


278 


279 


280 

28i 

.'8.' 

28^ 


.'8)t 


28'^ 


286 


1 1 


R77-9l*?625-ii« 


'rtUilo  No.  Title  Page  No. 


lllY  Caiih  Flow  Antilyals  — Impact  of  Advanced  CPi’P  On 

oinall  Compai\y  Witii  lUgii  Part  Similarity 287 

1118  Sonr. i 1 1 vi  ty  Analysis  — impact  ol’  Advanced  OIT'P  On 

Small  Oompany  With  High  Part  Simiiarlty 2B3 

Hid  I’rojected  Savings  In  Army  Missile  Procurement  From 

Demonstration  CPPP 

H.’O  I’rolected  Savings  in  Army  Missile  Procurement  From 

Advanced  CPPP 290 

li;M  Projected  Savings  In  Total  Army  Procurement 

From  Demonstration  CPl’l^ 291 

H;'>2  I’rojeott'd  Savings  in  Total  Army  I'rocure'mt'nt  From 

Advanced  CVVP 292 

11.' 1 I'ro.lected  Savii\gs  Ii>  I'eparl.ment  of  Deft'iise  I’rocure- 

ment  From  Demons  ti’fit.  ion  Cl'l'i’ 093 

Hl'.’t  i'ro.jected  Savings  hi  Department,  of  Iiefense  Procure- 
ment From  Advanced  CPPl’ 2014 


r77-9‘*2625-iU 


1,0  INTRODUCTION 


Process  planning  is  the  first  step  in  manufacturing.  The  activity  has  a 
major  effect  on  the  cost  of  fabricating  goods  in  the  mctalcutting  industry. 

It  affects  production  planning,  machine  utilization,  tooling  requirements, 
machining  efficiency  and  other  determinants  of  cost.  A large  portion  of  the 
widespread  interest  in  Computer-Aided  Manufacturing  has,  therefore,  been 
focused  on  computerized  production  process  planning  (CPPP).  After  a decade 
of  research  and  development  activity,  operational  CPPP  systems  are  beginning 
to  emerge. 


The  program  discussed  in  this  report  had  three  objectives. 

1.  Describe  the  CPPP  system  technology. 

2.  Demonstrate  application  of  the  technology. 

3.  Determine  benefits  of  computerized  process  planning  in  general  and 
the  demonstration  system  in  particular. 

The  introductory  discussion  below  provides  general  background  material  and 
identifies  the  objectives  that  have  guided  UTRC's  approach  to  a CPPP  technol- 
ogy. The  method  of  approach  to  benefit  analysis  is  also  presented. 


1.1  General  Background 

Interest  in  programming  computers  to  generate  process  plans  for  manufac- 
turing parts  is  world  wide  and  involves  private  industry,  universities,  and 
governments.  In  recent  years  the  interest  has  intensified  due  to  an  increasing 
awareness  of  what  computers  can  do  for  labor-intensive  methods  of  process 
planning  and  manufacturing  in  general.  Process  planning  procedures  tliat 
depend  exclusively  on  skilled  or  trained  production  labor  are  vulnerable  to 
delays,  errors,  and  higher-than-necessary  production  costs.  Dependence  on 
such  methods  often  precludes  a thorough  analysis  and  optimization  of  the 
process  plan  emd  nearly  always  results  in  the  nonstandardization  of  processes. 

Unfortunately,  the  complexity  of  machined  parts  process  planning  has 
resulted  in  computerized  process  planning  remaining  in  the  conceptual  stage 
for  some  time.  The  benefits  are  anticipated,  but  the  path  to  follow  has  been 
unclear.  UTRC  presents  its  CPPP  technology  as  one  possible  path  and  hopes  in 
doing  so  to  be  mediing  a significant  start  toward  Automated  Process  Planning. 

There  have  been  several  notable  projects  in  computerized  process  planning 
since  the  late  1960's,  Much  of  the  early  work  originated  in  Sweden,  Norway, 
and  Germany.  In  general,  these  systems,  such  as  SINTK?''s  AUTOPROS  and  systems 


15 


R77-9^2625-i>t 


developed  by  Aachen  University,  contributed  significantly  to  the  present  level 
of  understanding,  but  proved  to  be  too  limited  in  scope.  Other  projects  like 
KXAPT  and  GKTURN  were  also  of  interest,  but  they  primarily  provided  detailing 
of  numerical  control  operations  after  much  of  the  required  process  planning 
was  finished.  In  the  United  States,  much  of  the  current  work  is  directed 
toward  the  development  of  data  processing  systems  capable  of  storing  and 
retrieving  process  plans  by  coded  metiiods.  Although  tJiese  systems  offer 
benefits  of  standardization,  they  do  not  address  the  problems  of  generating 
process  plans  or  economic  analysis  of  the  process. 

In  general,  the  technology  of  computer  process  planning  can  be  charac- 
terized by  differentiating  between  tlie  basic  teclinical  approaches  that  liave 
been  advocated.  Tlie  highest  level  of  differentiation  divides  the  teclinology 
into  tt>e  "variants"  and  "get\erative'I  principles.  The  first  is  based  on 
:'.f,oring  standard  process  plans  in  tiie  comput.er  for  specified  families  of  parts. 
Usirif;  a part  class! ficat. ion  coding  techniiiuo,  process  plans  can  l)0  retrieved 
and  varied  for  a new  part.  This  apiproacli  partially  autimiates  tiie  conventional 
procedure  of  using  an  existing  process  plan  to  produce  a new  plan.  The  concept 
is  based  on  similarity  of  fabricated  components.  The  CAl'P  system  being  developed 
by  C/\M-I  is  a system  based  on  the  variants  principle. 

Tiie  generative  approach  is  more  complex  because  the  computer  must  be  capa- 
ble of  making  process  decisions.  The  idea  is  to  provide  enough  intelligence 
about  metalworking  to  allow  tiie  computer  to  generate  a sequence  of  operations 
and  detailed  operation  plans.  This  kind  of  system  requires  detailed  input 
about  the  part  design.  From  this  input,  the  generative  system  determines  the 
sequence  of  stock  removal  operations;  selects  machine  tools,  cutting  sequences 
and  cutter  tools;  and  determines  machining  parameters  of  feed,  speed  and  depth 
of  cut.  Additionally,  generative  systems  provide  some  optimization  of  tiie 
process  plan  by  basing  decisions  on  the  analysis  of  production  cost  and/or  rate. 

A basic  problem  in  developing  generative  systems  is  the  formulation  and 
programming  of  manufacturing  rationale  and  data  reflecting  sound  metal- 
working principles.  Tliis  lias  led  to  two  Ixisic  technical  approaches.  One 
school  of  thought  advocates  a "backward  planning"  technique  whereby  the  com- 
puter looks  at  the  finished  part  specification  and  works  backward,  determining 
for  each  surface  requirements  for  finishing,  semi  finishing  and  roughing  oxieru- 
tions.  'Jlie  second  school  of  thought  advocates  a "foreward  plannit.g"  technique 
whereby  the  computer  begins  with  a finislied  part  and  raw  material  description 
and  works  forward  producing  roughing  and  semi  finishing  operations  before  finish- 
ing operations.  Poth  of  these  approaches  have  certain  advantages. 
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1.2  CPPP  Technology  Objectives 

UTRC  initiated  its  research  of  ccanputerized  process  planning  technology 
in  1973  with  several  objectives.  First,  the  computer  system  developed  must  be 
adaptable  to  any  manufacturer  of  machined  parts.  This  meant  that  the  system 
should  generate  process  plans  based  on  the  manufacturing  methods  of  a particu- 
lar workshop.  Thus,  a method  had  to  be  developed  to  formulate  and  input  to  the 
computer  system  the  rationale  for  making  process  decisions  in  accordance  with  a 
manufacturer ' s resources . 

The  purely  generative  approach  to  computerized  process  planning  appeared 
to  be  a capability  that  would  not  be  developed  for  many  years.  The  major 
obstacle  is  the  difficulty  to  capture  and  organize  every  bit  of  manufacturing 
logic  that  might  ever  apply.  Therefore,  the  best  plan  of  attack  was  to  evolve 
the  technology  toward  the  goal  of  a generative  system.  Thus,  UTRC's  plan  was 
to  include  characteristics  of  both  the  variants  and  generative  systems.  Manu- 
facturers would  be  required  to  formiilate  "models"  of  manufacturing  rationale 
to  produce  a sequence  of  operations.  Each  model  would  be  for  a family  of 
parts.  A model  would  allow  CPPP  to  automatically  determine  the  set  of  opera- 
tions needed  to  fabricate  a particular  part  and  determine  the  part  surfaces 
involved  in  each  operation. 

Although  this  approach  was  not  considered  trivial,  it  appeared  to  be 
naturally  aligned  with  the  process  planner's  way  of  thinking  about  his  work. 

It  also  would  allow  each  workshop  to  specify  its  own  way  of  doing  business.  A 
manufacturer  would  be  able  to  define  standard  sets  of  operations  augmented  by 
the  rationale  that  specifies  when  an  operation  is  required.  This  approach 
could  also  be  used  to  develop  highly  sophisticated  models  of  manufacturing 
rationale  covering  a large  variance  of  part  material,  geometry  and  processes. 
The  actual  process  plan  would  be  determined  solely  by  the  design  specifications 
of  a part . 

UTRC  also  believed  that  a CPPP  system  should  be  capable  of  generating 
alternative  solutions  to  a process  problem  and  then  pick  the  best.  This  is 
based  on  the  fact  that  there  is  not  a unique  solution  to  how  a part  can  be 
fabricated.  The  sequence  of  operations,  machine  tools,  cut  sequences,  type  of 
cutting  tools,  and  machining  parameters  can  all  vary.  It  was  decided  that  a 
detail  analysis  of  production  time  and  cost  would  provide  the  numerical  cri- 
terion for  selecting  the  best  process. 

UTRC  also  believed  it  important  that  full  part  design  information  be 
available  to  the  system.  This  would  make  it  possible  to  base  decisions  on  pre- 
cise part  characteristics,  rather  than  on  codings  of  general  part  features.  It 
would  also  allow  for  full  analysis  of  dimensions  and  toleraaices  and  the  genera- 
tion of  workpiece  sketches  with  operation  sheets. 
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UTRC  also  felt  strongly  that  totally  deterministic  systems  would  not  be 
developed  for  a long  time.  There  would  always  be  situations- where  manufac- 
turing would  want  to  influence  or  change  computer  decisions  or  provide  data 
that  is  missing  in  the  system.  Therefore,  an  extensive  man-machine  interaction 
capability  had  to  be  developed. 

Based  on  the  above  beliefs,  lITRC's  chosen  approach  to  CPPP  cetitered  around 
the  following  specific  tectuiological  problems: 

1 . Define  an  Analytical  Pramowork  for  Generating  Process  Plans  - The 
generation  of  a process  plan  for  fabricat. ing  a machined  part  requires  ttiat  a 
lai’ge  multidimensional  problem  be  solved.  Pi’occsses,  macliines,  cutt.ing  sequen- 
ces, tools  aiui  machining  par.-uneters  must  bo  ctiosen  to  minimize  production  cost 
and/or  rate.  Tlie  situation  exists  wtiere  ,'Uternat.ive  solutions  must  be  examined 
and  evaluat  txl  before  a "best  " solution  can  be  determined. 

Model  Manufact.uring  Rationale  to  Create  the  Sequence  of  ttperat  ions  - 
A standard  metliod  of  modeling  manufacturing  rationale  for  m;iking  process  de- 
cisions in  a computer  must  be  developed.  The  metliod  should  provide  t.he 
capability  to  determine  requirements  for  metalcutting  and  special  processes 
(heat,  treatment.,  plating,  etc.)  needed  to  transform  a raw  material  to  a finished 
par*  . 


3.  Delect  Machine  Tools  - A method  of  selecting  machine  tools  for  metal- 
cutting  operations  must  be  formulated  and  integrated  into  the  over:il.l  analy- 
tical fr.'imework  for  generating  process  plans. 

. Delect  Cut  Doq\iences  and  Cutter  Tools  - A method  of  selecting  cutt.ing 
sequences  and  tools  for  an  operation  must  bo  formulated  and  integrated  int.o 
the  overall  .analyt.ictil  fr.'imework  for  generating  process  plans.  Theoretically, 
sever.'il  cutter  tools  may  qu.alify  for  eacti  cut  in  .an  operation.  Therefore,  a 
met.tiod  of  solution  must,  be  developed  tliat  identifies  the  type  of  cuts  in  an 
operation  ;ind  then  detei'mines  ttie  best  tools  from  a set  of  .'ilternatives. 

Delect  Feeds,  Dpeeds  .-ind  Deptti  of  Put  - A raet.liod  of  det.emining  the 
feed,  speed  and  deptti  of  cut  for  a given  cutt.ing  situation  must  bo  foimulated 
.anil  integr.ated  into  tlie  over.'ill  analytical  fr.amework  for  generat.ing  process 
pl.ans.  Ttie  mettiod  should  include  table  look-up  and  m.atliematical  models. 

b.  C.alculate  Dimensions  and  Tolerances  - To  generate  a detailoii  process 
plan  for  a machined  part  , tlie  computer  system  will  be  required  to  calculate 
the  dimensions  associated  wltli  every  cut  in  the  process.  Tlierefore,  a gener.'il 
method  of  calcul.ating  dimensions  and  tolerances  must  he  formiil.-it  ed  and  inte- 
grated into  the  overall  analytical  framework  for  generat.ing  process  plans. 
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7.  Produce  Process  Plan  Documents  - The  system  must  be  capable  of  pro- 
ducing operation  summary  data  (sequence  of  operations)  and  detailed  operation 
data  identifying  specific  cut  sequences,  tools,  machining  data,  dimensions  and 
tolerances.  It  should  also  generate  dimensioned  views  of  the  workpiece  for 
different  operations. 

8.  Provide  Description  of  Part  Design  - Data  describing  the  part  design 
must  provide  the  equivalent  information  content  of  the  blueprint.  Therefore, 

T.  method  must  be  developed  to  model  the  part  geometry  and  its  physical  attri- 
butes . 


9.  Provide  Man-Machine  Communication  Interface  - A standard  method  of 
allowing  a process  planner  to  interact  with  the  ccxnputerized  process  planning 
system  should  be  developed.  The  communication  interface  design  must  be  easy 
to  use,  be  flexible  and  provide  the  planner  with  the  maximtan  opportunity  to 
interact  with  all  decision-making  and  analysis  functions. 

10.  Determine  Time/Cost  Standards  - Advanced  planning  systems  will  be 
developed  to  make  many  decisions  based  on  the  analysis  of  production  costs  and 
rates.  Thus,  a method  is  needed  to  calculate  time/cost  standards  based  on 
normal  industrial  engineering  practice. 


1.3  Method  of  Approach  to  Benefit  Analysis 

There  is  widespread  feeling  in  industry,  government,  and  research 
institutions  that  computerized  process  planning  offers  large  cost  savings. 

To  date,  however,  there  has  been  no  significant  effort  to  quantify  these 
benefits.  A major  objective  of  the  subject  program  was  to  develop  an 
economic  analysis  of  computerized  process  planning. 

Benefit  analysis  was  approached  as  three  tasks: 

1.  Analysis  of  benefits  of  computerized  process  planning  for  a broad 
spectrum  of  industry. 

2.  A case  study  analyzing  benefits  of  the  demonstration  CPPP  system 
for  the  Hamilton  Standard  Division  of  United  Technologies  Corpora- 
tion. 

3.  Analysis  of  benefits  of  the  demonstration  CPPP  to  industry  supplying 
Army  missile  components  and  other  defense  items.  Extension  of  that 
analysis  to  estimate  cost  savings  to  government  agencies. 
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To  estimate  benefits  for  a broad  spectrum  of  industry,  a survey  was  sent 
to  a large  variety  of  manufacturers.  The  survey  requested  data  on  machining 
operations  and  costs.  It  described  three  process  planning  system;-  and  asked 
for  estimated  costa  and  savings  for  each..  The  responses  to  the  survey  were 
used  to  define  analysis  cases  and  to  set  inpiut  parameters  for  a discounted 
cash  flow  analysis  of  each  case  for  each  system. 

Having  participated  in  CPPP  development  since  197^,  Hfunilton  Standard  ha;> 
developed  the  manufacturing  data  and  familiarity  with  CPPP  needed  for  benefit 
aiiaJysis.  In  analyzing  savings  and  costs  for  Hamilton  Standard,  CPPP's 
capabilities  were  evali.  ited  with  respect  to  manufacturing  costs  for  process 
plaitnLng  labor,  machining  labor,  and  consvimabJe  tooling.  Implementation 
cos.ts  -and  recurring  costs  due  to  CPPP  were  estimated.  The  analysis  was 
pcrfoi'med  for  two  PPPP  capabilities  — the  basic  system  described  in  this 
rcpoi-t  tuui  a mos-e  advanced  capability  to  be  developied  in  the  future. 

In  the  third  task,  a survey  was  mailed  to  a large  luunbor  of  comp:inies 
supplying  nmchined  pai-ts  to  the  Department  of  Defense.  The  survey  described 
Di'i'P's  capabilities  and  requested  estimates  of  costs  and  Svavings.  Again, 
survey  results  wore  used  to  determine  inputs  for  a discoujited  casl;  flow  an- 
alyr-is  for  several  par;ur;et  ri  cally-def  ined  cases.  Using  procurement  estimates, 
the  benefits  to  individual  companies  were  then  tnuislated  into  pro.lected 
savings  for  the  Missile  Dommand,  the  Army,  and  the  Depai'tment  of  Defense. 

TIk  preliminary  nature  of  the  benefit  iuialysis  reported  lierein  mur-t  be 
emphasized.  'IVo  of  the  three  smalysis  tasks  depend  on  survey  responses.  The 
number  of  responses  was  not  sufficient  for  statistical  validity.  The  rea^Kin- 
dents' fiuni liar ity  with  the  tecimology  was  uncertain.  It  was  not  feasible  to 
perform  the  group  communication  and  iteration  needed  to  read;  consensus.  The 
Haiiiilton  Standard  analysis  is  dependent  on  local  mainU’acturing  parameters. 

Wliile  the  analysis  would  yield  similar  results  for  some  other  companies, 
greatly  different  resvilts  would  be  obtained  for  other.s.  Finally,  it  sliould 
be  noted  tliat  the  Judgment  of  tl\e  contract  t eiun  was  necessarily  applied  in 
each  of  ttie  analyses. 

Despite  the  observations  above,  tiie  work  reported  Itere  i;;  felt  to  be  an 
important  advance  in  the  economic  assessment  of  DPPP.  Tiie  s\ir\'ey;’-  yielded 
the  first  known  compilation  of  ii;dustry  opinion  on  benefits.  The  analyses  are 
valuable  as  a preliminary  quantification  of  CPPP  benefits  and  also  exhibit  a 
metliodology  for  future  analysis. 

Voliunes  II,  111  and  IV  of  the  Interim  Report  present  the  benefit  juialysis 
for  general  indvistry.  Data  and  calculations  are  given  in  detail.  The  contents 
of  tiiese  voliunes  are  summarized,  but  not  reported  in  detail,  in  this  final 
Repcirt . All  data  and  calculations  for  tiie  Hiunilton  Dtandard  stiul:,'  and  the 
Department  of  Defense  benefit  luialysis  are  presented  herein. 


.'0 
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2.0  CPPP  TECHNOLOGY 


Computerized  Production  Process  Planning  (CPPP)  is  a system  to  assist 
process  planners  in  planning  the  fabrication  of  machined  cylindrical  parts. 

Tliis  would  include  parts  with  cylindrical  features  for  which  turning,  drilling, 
grinding,  honing  or  lapping  operations  are  required.  The  system  also  provides 
assistance  in  planning  cylindrical  parts  with  requirements  to  machine  non- 
oylindrical  features  such  as  flats,  windows,  slots  and  lugs.  Requirements  for 
milling  operations,  or  others  such  as  EDM,  would  be  identified  and  their 
operations  included  in  the  summary  of  operations.  Unlike  the  detail  planning 
technology  available  for  cylindrical  features,  however,  CPPP  will  not  plan 
operation  details  for  non-cylindrical  features.  CPPP  can  also  identify  re- 
quirements for  non-metalcutting  operations  such  as  deburring,  stress  relief, 
heat  treatment,  nitriding,  inspection  and  others. 

The  selection  of  machine  tools,  cut  sequences,  cutting  tools,  feeds, 
speeds,  and  cutting  depths  i6  a complex  problem.  CPPP  attacks  the  problem 
by  evaluating  alternative  combinations  for  each  operation  and  then  selects  the 
best  based  on  production  cost  or  rate.  The  demonstration  system  has  the 
analytical  frtunework  for  doing  the  required  analysis.  Modules  are  included 
for  each  problem  area. 

A salient  characteristic  of  CPPP  is  its  adaptability  to  different  manu- 
facturing environments  engaged  in  metal  removal.  This  has  been  achieved 
through  the  unique  method  of  "process  decision  modeling".  T'-is  method  allows 
a manufacturer  to  define  and  program  the  process  rationale  for  fabricating 
parts  of  certain  design  characteristics.  The  process  models  are  added  to 
the  CPPP  system  through  the  data  base.  This  procedure  results  in  extending 
the  basic  CPPP  system  with  the  workshop-dependent  methods  of  the  manufac- 
turing firm.  Figure  1 illustrates  the  concept. 


DATA  BASE 


FIGURE  1 . CPPP  IMPLEMENTATION  CONCFDT 
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When  fiotivuted  l\v  dl'l'l' , a process-  model  would  make  deoiaiotia  of  what  , 
when , and  how  (.type  of  ot'eratioti)  part  aurfacea  are  out.  li»  addition,  ttie 
model  would  detei'mine  re.^ui  remet\t  a for  i\on-met  aloutt  in^t  operationa.  Thia 
reaulta  in  fully  deaerihing  the  transformation  of  a raw  material  to  tl\e 
finialied  part. 


Implied  in  tiie  above  ia.  a aeoond  aalient  ohartiot er i at  i o of  fri'l’  the 
uae  of  (geometric  model  iiif?  and  full  deaign  infonnat  ion.  I’roceaa  modela  are 
dependent  on  int  erj  ret  itv^;  t (\e  dt-ai^^n  and  apeeial  prooeaa  apeo i f i oat  iona  of 
a part.  Ivaae.!  on  thia  data,  reijui  rement  a for  i-oi^ih,  aemifiniah  and  finiah 
v'perationa  and  apeoial  prooeaaea  are  determined  for  eaol;  part  aurfaoe. 


A li\ird  oiiaraoteri  at  io  of  I'l'l'l'  ia  t lie  extenaive  man-maotnne  oor.uiumioat  ion 
oapability.  Tiie  prooeae.  plannei',  viain^t  a f^raph.io  diapltiy  terminal,  oan  oiiooae 
.‘vnK'iitt  many  U*vela  of  involvemejit  in  fPi'l'  prooeaa  i I'.^t . lie  oan  ohooae  to  review 
and  peri'.apa  modify  every  dl’l’i'  deoiaion,  he  oan  opt  for  fully  automat  io  pl!U«iii\g, 
v'r  h.e  oan  aeleot  a-ome  i lU  eniuaii  at  e level  of  operation.  I’hia  oapability  el  imi- 
natea  the  aole  relianoe  on  prooeaa  modela  for  produoiiift  prooeaa  plana.. 

Altb.ou^th  the  yPi'l'  ayatem  haa-  beer,  devt'loped  for  maohined  oylindrioal  part  a, 
the  oonot'pta  apply  in  prinoiple  to  all  maohined  part  a. 

I’he  firat  aeot  ion  below  provider-  an  overview  of  the  i.'rrr  aya-tem.  The 
aoftw-are  oomponetit a- , the  prooeaa  pifuinitit.';  funotiona,  -and  the  har.iware  are 
viiaouaaed.  fata  baae  re.iuirement  a and  input  and  output  .are  inolvided  in  the 
diaouaaion  of  aoftw.are  oomponenta.  Following,  the  overview,  a\ibata)uent  aeot  iona 
.iiao\iaa  the  teohnioal  oonoepta  aaaooi.ated  with  planning  a ata^uenoe  of  operationa, 
pliuitiing  operation  -ietaila,  o-alovil  at  ing  dimenaiona  an.i  tolertuioea,  and  ntmt- 
maohine  ooimuitioat  iona . 


. 1 tty  a t em  vH'  e r v i ew 

.'.1.1  Software  Component  a 

fl'l'l'  la  an  integrated  ayatem  of  -a-oftware  modult'a-.  A high-level  diitginuit 
of  the  ayatem  ia  a.hown  in  Figtire  a.  There  are  aeven  prinoipal  oompvMienta, 
e.aoh  of  whieh  ia  .liaouaaed  below: 

• The  fata  Input  tty  a tern 


• The  Language  I'root'aaor  ttvr.tem 


The  fata  Ihia.c' 


• The  Prooer-a  Pool  a- ion  and  Analyaia  tty  a tern 
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• The  Vocabulary  and  Cut  Application  System 

• The  Interactive  Display  System 

• The  I'rocear.  I’lan  Output  System 


The  data  input  and  language  processor  systems  provide  a manufacturer  with 
the  means  to  build  the  large  data  base  required  by  CPPP.  A detail  description 
of  the  data  base  i:;  provided  in  Appendix  C.  The  data  base  must  be  developed 
to  contain  descriptions  of  the  workshop's  machine  and  tool  resources,  stock 
removal  allowances  for  cutting  materials,  tolerance  information  with  respect 
to  cutting  situations,  mach inab i li ty  information  ajid  process  decision  models. 
To  u.;e  CPPP,  it  is  also  required  that  process  planners  first  enter  the  part 
design  into  tlie  data  base. 


CPPP  requires  part  design  data  equivalent  to  tile  information  content  of 
a blueprint.  Figure  < shows  the  level  of  data  description  required.  It 
includes  part  shape,  dimensions,  tolertuices,  surface  finish,  geometric  form 
conditions,  material  specifications  and  any  requirements  of  surface  treatment 
or  coatings.  In  addition  to  the  part  design  data,  the  raw  material  (bar, 
casting,  forging,  extrusion)  to  be  used  must  be  identified  and  geometrically 
described. 


The  language  processor  system  is  used  to  input  to  the  system  the  process 
decision  models  of  different  part  families.  Process  plsuiners  will  use  the 
computer  process  planning  language  (COPPL),  developed  under  the  contract,  to 
program  the  logic  of  process  decision  models.  The  programmed  models  are  con- 
verted into  a computer  readable  code  by  the  language  processor  and  then  stored 
in  the  data  base.  Process  planners  using  the  COPPL  language  do  not  require 
computer  programming  skills.  The  language  is  more  of  an  English-like  language 
than  a computer  programming  language.  This  has  resulted  from  the  objective  to 
develop  COPPL  so  that  it  could  be  used  to  document  or  newly  specify  a manu- 
facturer's process  rules.  Therefore,  the  language  can  be  easily  read  and 
understood  by  manxifacturing  people.  A detail  description  of  the  process  plan- 
ning language  and  processor  is  provided  in  Appendix  D. 

The  COPPL  language  allows  the  process  planner  the  freedom  of  choosing 
vocabulary  when  formulating  process  decision  models.  This  eliminates  restric- 
tions on  the  process  planner  and  provides  the  flexibility'  to  express  the  ratio- 
nale for  fabricating  part  families.  For  example,  the  process  p^lanner  can  use 
terms  like  the  following:  deep  hole,  free  end,  open  diameter,  exposed, 
counterbore,  groove,  chamfer,  true  position,  di;imetral  tolerance,  surface 
finish,  etc.  When  these  terms  are  used  in  programmed  expressions  of  a pro- 
cess model,  such  as; 


L 


Cl* 


'rill’ll  outiiidt'  tiut’ftiee  on  lUHiiuul  liiLhe  If 
nurfucf  in  an  open  diameter,  (and) 
dlftmeLml  tolerance  Ir.  t O.OOi’  $ 

t liey  have  u r.pecifle  meanlnti;,  A r.imple  eomput.er  code  i.uint  he  written  for  each 
voi’ahulary  term  no  that.  I'l’l'l'  can  Interpret,  t.tie  pro(j;r(umiied  expreimion.  'I’liene 
comput  ei'  codeii  are  eani  ly  added  to  tfie  ('I’I’l’  nyutem  throiip.h  thi'  vocnlnilury  and 
cut  application  nyiit.em.  In  the  above  exfuiijile,  t.tie  code  for  "oi'en  il  ituiiet«*r" 
wv'uld  tent  a ]>art.  lUirface  dencript.ion  t.o  determine  if  it  In  an  open  diiuueter. 

A di't.all  dencript.ion  of  vocatnilary  prociriunn  Itiiplemented  for  the  demonntrat  1 on 
part  fai:ii  ly  in  provided  in  Appendix  K. 

'I'he  requirement  to  develop  vi>cahuiary  ci.)den  reducen  nlgnil'icant  ly  after 
procenn  iiKideln  tuive  htaai  implemented  tV't’  I'lie  or  iiaire  part,  familie:..  Much  of 
tile  vocalHilary  lined  hy  a manufacturer  would  Ih-  defined  after  t.lie  firnt  few 
part  f.-uii i 1 i i’;; . Vocat'Ulary  prof^rnm;;  could  also  he  n.t.andard  1 /ed  and  implement  ed 
fvu’  multiple  iminiu’act  ur  iuK  t'irm;:. 

I'l'l’l'  aU'.o  allow:!  a manufacturer  to  dcT’iiie  the  type  of  cutn  that,  a macliine 
t oo  1 can  make.  Kacfi  ty[>e  of  cut  reqiiiren  u nimple  comput  t'r  code  to  In-  a<lded 
to  ttie  I'l'l'l’  :.yntem  an  i di'iie  for  the  vocalnilary  p rof.',r(UUH . In  general,  the 
type  (.if  cutn  that  can  tie  made  hy  a machine  are  haned  on  the  type  of  machine 
t vio  1 . If  the  name  cut  I’an  he  made  on  multiple  macliine  t.tioln,  it.  I'an  he  iiuli- 
(•al  cii  in  the  machine  tool  liat.a  hane.  A itetail  dtuicr  i pt.  i lUi  iif  cut.n  Implementi’d 
for  t lu’  demon:;  t rat  ion  :;y;;tem  i pfiivlded  in  Appendix  il . 

'I’lie  proce:;n  de(’i:;icin  and  aiuilyn.in  nyntem,  the  interactive  dlnpln^v  nynt.em 
and  the  procem;  plan  output  .‘.yntem  I’omliine  to  fvirm  the  nm’teun  of  the  I'PPP 
nyntem.  'I’lieni-  I'.imponent.n  ai’e  i ndependi'iit.  of  any  manufacturer  or  part  fmiilli«'n. 
'I'he  pri'ce:;:’.  di'cinion  and  annly.';i.n  ;‘.ynd  em  in  t he  "heart  " of  the  procenn  planning, 
v’apah  i I i t.y  . It  i'i.:'it  .ai  iin  the  module:;  to  ridrieve  the  part  dt>i;igqi  data  and  t he 
pi’oce:;:;  model:;  t'ri.im  the  (tat  a ha;;e  and  provide:;  t.tie  main  nuhi'.y  :;t.em:;  for  genera- 
ting flu*  I’.eiiuence  of  opera!  i (inn. , planning  operation  detail:;  {mni'hlne  tool;;,  I'ut. 
:!e(iueni‘en , tool:;,  and  iiuu’hining  parameter:;)  and  ca  I I'U  1 at  i iig  workpiece  dimen:;lon:; 
and  tolerance:;.  included  in  thi:;  part  ('f  the  :;y:;tt>m  i :;  the  moiiule  that  lnt.<*r- 
pret;;  the  coded  t'orm  of  * he  proce:;:;  model. 

'flu*  interact  ive  (li:;play  :;y:;tem  ('on:;l;;tn  of  all  the  iiu'diile:;  !iupporting 
coimminicat  iiuu;  helween  a proct*:;:;  planner  and  i'l'l'l'.  'I'lien*  are  multiple  int.t'r- 
action  point.;;  at  whicli  the  proce;;:;  planner  can  review  iir  ’.lU'dlfy  dia'i'.iioii:;  made 
tiy  I'l'l’i'.  Aiidi  t.  ional  ly , di:;play'.;  are  ic.ied  tn  initiate  and  terminate  the 
ri’l'l'  ;;y:;tem  :iiul  f.ii  provldi*  informal,  ion  fi’om  the  data  ha:;e. 

'I'lie  proce:;:;  plan  output.  :iy:;tem  produce:;  the  :;uiiuiiary  of  operation:;  luid 
detail  operation  :;lieet:;.  In  eacli  ca;it',  the  data  ii;  output  in  a :itandard  form, 
it  wiuiid  ti<*  a .‘iimple  matter  t n refoi’inat  the  data  if  a manufai’t  urer  de:;ired  a 
dll'ferent  form  of  the  out.(iut..  l''igure::  I*  and  '*  re:;pe(’t  i vi'ly  :;h('w  t lu*  :;ummary 


FIGURE  4 . SUI-iMARY  OF  OPERAIIOKS 


FIGURE  5.  DETAILED  OPERATION  SHEET.  (Concluded) 
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of  operations  and  operation  aheeta.  The  former  provides  general  part  infor- 
mation at  tl\o  top  of  the  page  and  then  lists  specific  information  for  each 
operation;  operjition  number  and  description,  macliine  tool,  department,  setup 
and  cycle  time,  etc.  Ttie  detail  operation  sheet  provides  general  operation 
data  at  the  top  and  tlien  identifies  ttie  sequence  of  cuts,  feeds  and  speeds 
and  tools  reqviired.  Tiio  operation  sheet  also  provides  a dimensioned  sKetcli 
of  the  workpiece  as  it  would  look  following  tiie  operation.  Dimensions  and 
tolerances  are  given  for  eacii  out. 

2.1.2  i'rocess  Planning  Kunotions 

Figure  ()  stiows  a lilglwlevel  view  of  the  tliree  primary  process  planning 
functions  of  CIT’D.  T’hey  are  oi'ganized  to  produce  a process  plan  in  threi* 
died  i net  and  separate  stejis.  The  first  step  generates  the  sequence  of 
operations.  It  begins  when  the  process  plfuiner  inputs  a part,  numl'er  to  tlie 
system.  The  part.  luunber  is  used  to  retrieve  the  der.ign  viata  from  the  data 
base.  The  raw  material  description  specified  by  tlie  manufacturer  for  the 
process  would  also  be  retrieved  witli  the  part  design  data.  CIT'D  does  not 
select  t.lie  raw  material;  the  requiremetit  must  be  determined  outside  the  system 
and  identified  in  the  data  base.  Also  contained  in  the  design  data  is  a 
classification  code  identifying  the  part  fiunily  to  wliich  the  part  belongs. 

Tliis  code  is  used  to  retrieve  the  appropriate  process  model  from  the  data 
base.  Tlie  code  can  be  designed  to  provide  any  level  of  class i f i cat  ion  desired 
by  the  manufacturer.  In  the  demonstration  system,  part  ftuiiilies  are  primarily 
broken  down  by  function,  e.g.,  compressor  seals,  valves,  sleeves. 

The  sequence  of  operations  is  generated  with  the  process  model  alone  or 
by  a combination  of  the  model  and  process  plminer  interacting  with  the  system. 
T’he  model  is  progr.'uiimed  to  determine  a sequence  of  operat  ions  based  oti  specific 
geometry  and  material  characteristics  found  in  the  part  design  data.  The 
generated  sequence  would  contain  boMi  ineta lent  ting  and  non-metal  cut. t. i ng  opera- 
tions. Addit.  ional  ly , the  specific  part  surfaces  or  feat, urea  cut  in  an  operat.ion 
would  be  identified.  Also,  part  surfaces  requiring  special  processes  such, as 
nitriding  or  plating  would  be  identified  with  the  operation.  This  planning 
function  Is  defined  in  greater  detail  in  Llection  2.2. 

Hesults  of  the  initial  pltuining  function  are  stored  in  the  data  base  in 
the  form  of  an  operation  matrix.  Ttie  matrix  is  organized  so  that  complete 
:-ummary  informat  ion  is  known  about  any  operation  or  pai’l  surface.  TTie  datui  is 
useii  by  sul'sequent  plmining  t’unctions  to  determine  what  the  workpiece  sliouhi 
look  like  after  each  operation.  For  exiunple,  ttie  matrix  specifies  for  eacti 
part  surface  ttie  types  of  operat  ions  required  to  transform  ttie  raw  mateiMal 
to  a finished  part. 


I 


FIGUPE-  6.  PROCESS  PLAinilHG  FUKCTIOTIS 
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The  second  planning  function  will  generate  the  details  of  each  operation 
defined  in  the  operation  matrix.  The  task  is  to  select  machine  tools,  cut 
sequences,  and  cutter  tools  and  to  determine  feeds,  speeds,  cutting  depths, 
and  number  of  cutting  passes.  There  are  many  variables  and  interdependencies  j 

in  makitig  detail  decisions  of  the  above  type.  Therefore,  an  analysis  procedure 
has  been  developed  to  evaluate  alternative  combinations  of  machine  tools,  cut 
sequences  and  cutter  tools  for  each  operation.  The  best  combination  is  chosen 
based  on  optimum  production  rate  or  cost  performance.  As  in  the  first  planning 
function,  the  process  planner  has  the  option  to  interact  with  CPPl’  to  review 
or  modify  decisions  made. 

The  detail  planning  fiuiction  is  factored  into  ti>e  suhfvuictions  identified 
be  low : 


• Pet. ermine  I'andidate  maciiine  tools 

• Determine  candidate  cut  sequences 

, Determine  types  of  cuts 

• Delect  candidate  cutter  tools 

• Determine  macliining  parameters 

• Determine  production  rates  and  costs 

• .Delect  best,  combination  of  t.ools 

• Delect  best  machine  tool  and  cut  sequence 

These  subfunctions  are  described  in  greater  detail  in  Section  2.3.  'I’he  manu- 
facturer must  provide  several  kinds  of  data  to  support  planning  of  operation 
details.  The  data  required  includes  machine  tool  descriptions,  the  types  of 
cuts  made  by  machities,  stock  removal  allowances,  preassigned  cutter  tools,  and 
machiuabi li ty  data.  Additionally,  the  process  pliuiner  must  specify  the 
approximate  lot  size  and  production  criterion  to  use  in  the  analysis. 

The  output  generated  by  the  detail  planning  fvmction  consists  of  det.ailed 
operation  descriptions  and  production  time  and  coat  data.  The  operation  data 
is  stored  in  tiie  data  base  for  subsequent  use  in  calculating  dimensions  and 
tolerances . 

The  third  planning  function  calculates  the  actual  workpiece  dimensions 
ruui  tolerances  for  each  operation.  Prior  to  this  step  the  system  works  only 
with  nominal  values.  Therefore,  this  function  also  serves  to  ensure  the  part 
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can  be  made  within  tolerance  by  the  process  plan.  A salient  characteristic  of 
this  function  is  the  use  of  tolerance  chart  procedures  for  analyzing  tolerance 

buildup  and  calculating  dimensions.  To  do  the  analysis  and  calculations,  the 
manufacturer  must  provide  stock  removal  allowances  and  tolerance  data.  The 
output  produced  is  used  to  generate  operation  sheets  with  dimensioned  workpiece 
sketches,  lliis  t'unction  is  described  in  greater  detail  in  iiection  2.4. 

2.1.3  Hardware 


The  hardware  required  by  the  ClTi’  system  consists  of  a general  purpose 
computer  with  common  peripheral  devices,  a graphic  display  terminal,  and  a 
hard  copy  line  plotting  device. 


The  CPrr  system  was  developed  on  a general  purpose  computer  of  the  IINIVAC 
1108/1110  class.  Modification  for  use  on  such  general  purpose  computers  as 
the  IBM  3b0  and  370  models  can  be  accomplished  with  relatively  little  effort. 

As  currently  segmented,  CPFP  requires  about  b0,000  words  of  computer 
memory.  This  requirement  can  be  reduced  or  increased  by  varying  the  software 
organization.  The  computer  memory  requirement  is  somewhat  dependent  on  the 
complexity  of  the  process  planning  problems  to  which  the  system  is  applied. 
Complex  part  families  and  process  plans  require  more  memory  than  simpler  ones. 

Disks  or  other  direct  access  devices  are  required  to  store  the  CPPP  system 
and  the  manufacturing  data  base.  The  system  itself  requires  about  ‘^50,000  words, 
if  source  (symbolic)  and  object  (relocatable)  code  are  stored.  If  only  the 
load  module  (absolute  code)  is  stored,  about  60,000  words  suffice.  Storage 
requirements  for  the  manufacturing  data  base  will,  of  course,  vary  widely. 

The  smallest  viable  data  base  will  require  a few  hundred  thousand  words  while 
very  large  manufacturers  will  require  millions.  It  would  be  practical  to  use 
magnetic  tape,  rather  than  direct  access  storage,  for  roughly  half  of  the  data 
base. 


The  CPPP  user  interacts  with  the  system  via  a low  cost  graphic  display' 
terminal.  The  system  has  been  implemented  for  TEKTRONIX  4006,  4010,  4012,  and 
4oi4  terminals  with  021-0074-00  Optional  Data  Communications  Interface  or  its 
equivalent.  A full  duplex  transmission  rate  of  at  least  1200  characters  per 
second  is  recommended.  (Slower  rates  may  be  used,  but  noticeably  degrade 
system  performance.  ) Software  support  is  the  TEKl’RONIX  PI.OT-10  Terminal 
Control  System  and  Standai'd  FORTRAN  Subroutine  Package. 

A line  plotter  is  used  to  generate  workpiece  sketches  for  hard  copy 
process  plans.  CPPP  ciu'rently  uses  a CalComp  plotter  with  a local  software 
package.  Conversion  to  use  other  line  plotters  and/or  software  packages  csui 
generally  be  accomplished  with  little  effort. 
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2.2  Plan  Sequence  of  Operations 

To  develop  a sequence  of  operations  for  a machined  part,  a process  planner 
would  consider  the  part  shape,  dimensions,  tolerances,  finish  and  material  ! 

requirements,  and  special  process  requirements.  Generally  speaking,  the  pro- 
cess planner  prepares  himself  for  the  task  by  organizing  his  thinking  in  j 

accordance  with  some  key  characteristics  of  the  part  to  be  fabricated.  For  j 

example: the  part  is  cylindrical  and  is  made  from  bar  stock  of  AMS  5630;  it  ] 

has  a thru  bore;  L/P  is  less  than  2.0;  tolerance  requirements  are  less  than 

.001;  surface  finish  requirements  are  less  than  l6;  etc.  Based  on  such  in-  ; 

formation,  the  planner  calls  on  iiis  experience  to  formxilate  an  overall  pro-  1 

duction  approach.  CPPP  provides  a similar  approach  to  generate  process  plans, 

2.2.1  The  Properties  of  a Process  Model 

[ 

The  CPPP  system  allows  a manufacturer  to  specify  to  the  computer  the 
rationale  for  planning  the  fabrication  of  a part.  The  method  used  is  called  ; 

process  decision  modeling.  The  function  of  a process  model  is  to  determine  I 

for  a specific  part  the  requirements  for  (l)  metalcutting  and  non-metalcutting 
operations,  (2)  operation  sequence,  (3)  types  of  machines  (or  specific  machine 
. tools),  (U)  specific  part  surfaces  cut  by  metalcutting  operations,  and  (5)  ; 

special  processes. 

' Fig\iro  7 shows  ttie  kind  of  operation  data  that  would  be  generated  by 

a process  model.  The  number  cf  the  operation  in  the  sequence,  the  operation 
description  and  the  type  of  machine  tool  are  determined  for  each  operation. 

In  the  example,  operation  0010  is  a turn  and  face  operation  on  an  automatic 
bar  machine.  Cf'PP  would  determine  the  best  bar  machine  to  use  when  planning 
the  operation  details.  Operation  0020,  however,  shows  that  the  w&S  2AC 
(automatic  chucker)  is  to  be  used.  This  illustrates  that  process  models  can 

call  out  specific  machine  tools  for  an  operation.  Figure  7 also  shows  I 

another  important  characteristic  of  process  models  — they  identify  the  j 

specific  part  surface'  machined  in  a metalcutting  operation  or  affected  by  j 

special  processes.  The  heavy  lines  show  the  affected  surfaces  in  each  | 

operation.  With  this  information,  CPPP  determines  the  geometry  of  the  stock  | 

removal  in  the  operation.  This  data  is  required  when  planning  the  details  of  I 

stock  removal.  g 

Fig\ire  B shows  the  kind  of  operation  data  that  will  be  known  about  eacli  r 

part  surface  following  the  planning  of  a sequence  of  operations.  View  A shows  I 

that  the  counterbore  requires  a total  of  five  operations  to  achieve  blueprint  I 

conditions.  The  rationale  for  each  of  these  operations  is  given  in  the  process  I 

model.  For  example,  a final  lap  operation  is  required  for  bores  whenever  | 

surface  finish  is  8 or  less,  diametral  tolerance  is  tighter  than  .OOOU,  or  D 

j form  conditions,  such  as  straightness  or  roundness,  are  less  than  .0002.  If  I 

blueprint  conditions  for  the  counterbore  were  not  as  tight,  then  the  grind  I 
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OOtO  TURN  AND  FACE 
AUTOMATIC  BAR 
MACHINE 


0020  TURN.  FACE,  BORE, 
W&S  2AC 


I 

i- 


i 

:1 


I' 


i 
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0050  GRIND 

00  grinder 


0090  DRILL 

DRILL  PRESS 


FTOURE  7.  TYPE  OF  METALCUTTING  OPFJIATION  DATA 
GENERATED  WHEN  PIJINNING  SEQUENCE  OF 
OPERATIONS.  Heavy  lines  identif>'  the 
surfaces  cut  in  an  operation. 


► 


FIGURE  a EXAMPLE  OF  OPERATION  DATA  THAT  IS 
GENERATED  FOR  FJVCH  PART  SURFACE 
WHEN  PLANNING  SEQUENCE  OF  OPEIRATIONS 
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ooiiKi  be  the  final  operation  because  ID  grinders  are  capable  of  prtxlucin^  the 
t inish  condition.  The  rationale  for  the  second  grind  includes  the  requirement 
to  remove  the  "white  layer"  left  by  the  previous  nitridit\g  process.  This 
results  in  removing  the  outsiiie  layer  of  the  hardened  case  which  has  poor  sur- 
face integrity.  The  initial  grind  is  required  to  "prepare"  the  surface  for  the 
nitride  process.  The  bore  operation  is  called  out  by  the  process  model  to 
shape  the  counterbore.  View  H shows  a different  situation.  In  this  case  the 
process  nKvicl  recognises  requirements  for  only  two  operations:  sliape  the 
shoulder  and  finish  grind  to  meet  bluep>rint  conditions. 

The  above  examples  suid  discussion  illustrate  that  process  models  deter- 
mine operation  requirements  based  on  the  part  design  specifications  and  the 
capat'i 1 it ies  of  available  production  methods.  In  one  case,  grinding  and 
lapping  were  required  to  finish  a surface  and  in  the  other  only  grinding  was 
required.  Some  surfaces  may  require  only  a turning  operation  to  finish. 

Figure  o sdiows  the  kind  of  vlata  that  is  considered  in  developing  tiie  rationale 
of  a process  model.  lYpical  raiiges  of  surface  finish  obtainable  by  various 
production  methods  are  shown.  Tlie  information  is  for  general  guidance  only 
because  of  the  many  variables  in  processing.  Each  manufacturer  would  incor- 
porate into  its  mi.->dels  the  knowledge  of  svirface  finish  rtuiges  for  its  own 
workshop.  The  ability  of  production  machines  to  hold  tolerances  under  certain 
conditions  is  another  example  of  information  considered  in  the  formulation  of 
process  models.  Requirements  for  special  processes,  sucli  as  nitriding,  are 
determined  simply  by  the  specification  called  out  in  the  blueprint. 

A process  model  would  also  include  rationale  based  on  the  manufacturer's 
experience  or  practice.  For  example,  if  tliin  walled  cylindrical  parts  over 
a certain  L/D  range  frequently  present  distortion  or  out-of-round  problems 
because  of  the  process  or  machine  tools  or  fixtures,  the  process  model  would 
include  intermediate  machining  steps  to  ensure  a good  part. 

.} . 1? . 2 Fiuniiy  of  Parts  Classification 

Generally  speaking,  a part,  design  can  be  examined  in  the  computer  by 
automatic  means  and  operation  requirements  for  each  surface  determined  based 
on  the  theoretical  capabilities  of  various  production  methods  and  the  initial 
raw  material  state.  A more  difficult  firoblem,  however,  is  sequencing  the 
operations.  The  sequence  is  based  on  machine  tool  capacities,  operation 
precedence,  and  process  requirements.  The  latter  includes  requirements  to 
machine  locating  surfaces.  OriT’  currently  deals  with  the  sequencing  problem 
by  developing  process  models  for  families  of  parts.  A manufacturer  is  able 
to  formulate  process  logic  for  part  families  more  easily  because  there  is 
only  a finite  number  of  design  characteristics  to  consider  and  there  is 
usually  the  process  experience  to  draw  on. 
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PROCESS 


ROUGHNESS  HEIGHT  RATING  IMICROINCHES  AA) 
2000  1000  bOO  260  125  63  32  16  8 4 2 


DRILLING 

CHEMICAL  MILLING 
ELECT  discharge  MACH 
MILLING 

BROACHING 
REAMING 
BORING.  TURNING 
BARREL  FINISHING 

electrolvtic  grinding 

ROLLER  BURNISHING 

GRINDING 

HONING 

POLISHING 
LAPPING 

SUPERFINISHING 


ezzza 


AVERAGE 
LESS  FREQUENT 


FIGITRE  q.  typical  surface  finish  ranges  for  production 

PROCESSES  (Data  proGuceU  by  General  Motors  in  ^ 


CPPP  allows  the  meuaufacturer  complete  freedom  in  defining  part  families. 
Figures  10  and  11  show  four  different  part  designs.  Tliey  are  all  sleeve 
components  used  in  fuel  controls.  The  part  geometries  are  quite  different. 

The  two  parts  of  Figure  10  are  made  from  nitralloy  bar  stock  and  require 
special  processes  of  nitriding,  copper  and  nickel  plating  and  electrofilming. 
The  parts  of  Figure  11  are  made  of  AMS  56l6  steel.  The  sleeves  normally  do 
not  exceed  6 in.  long  or  2 in.  in  diameter.  They  have  tight  tolerances  and 
finish.  They  may  have  thru  bores.  Each  of  these  parts  require  a nitriding 
process  different  from  the  parts  of  Figure  10  and  different  from  each  other. 
In  one  case.  Type  B nitride  is  required  and  in  the  other  Tj'pe  A nitride. 

The  processes  involved  are  quite  different. 

The  grouping  of  sleeves  into  part  families  for  purposes  of  defining 
process  models  can  occur  in  several  ways.  The  sleeves  of  all  four  types  could 
be  classified  as  one  family.  In  that  case,  it  would  be  necessary  to  "code" 
all  parts  as  "sleeves"  and  one  process  model  would  be  defined  for  all  possible 
geometry,  material  and  process  variations.  This  would  be  a fairly  complex 
model.  Another  approach  would  group  nitralloy  sleeves  and  AMG  5616  sleeves  of 
type  A and  B nitride  into  their  own  respective  part  families.  This  would 
classify  parts  primarily  by  process  — the  process  models  would  then  be 
required  to  accommodate  shape  and  geometry  variations. 
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• ^ Konniilnt  ion  ol'  I'roci'a:;  Models 


The  process  model  for  a part  ffunily  defines  the  I'alionale  for  determining 
a s.iHinenct'  of  operations  and  specifying;  particular  part  surfaces  affi'cteii  hy 
each  operat  ion.  To  .it'velop  a model,  the  munvifacturei'  would  I'irrd.  foriiailat.e 
a f<eneral  proct'ss  for  Llie  specified  part  fiuiiily.  The  process,  is  .simply 

fin  outline  of  the  s.teps  tint  may  he  requlreii  to  fahrlcfit.e  !i  p.art  icular  part,  of 
tlu'  family.  I'rocess  steps  must  t'c  included  for  any  variation  allowed  hy  i fie 
pfirt  family  definition.  For  exiunple,  if  deep  tide  drill  inf.';  is  rciiui  red  for 
some  parts,  and  not  for  others,  tlie  proces.s.  ttunii'l  mus.t  j'roviile  for  t lie  possi- 
I'ility.  t'.imilarly,  if  I lie  pfirt  ffimi  ly  lias.  larKi’  variations  in  surface  and 
finisli  requ  i ri'iiii'iits. , typi's.  of  t'eatures,  or  special  process  reipi  i n'ments. , t In- 
proces.s.  model  mus.t  allow  for  them.  An  out.line  of  the  genesfil  proces.s.  for 
sleeves,  is.  shown  below. 


* dsfiw  material 

* shfipe  hfir  stock 

* iiis.ttill  deep  hole 

* comj'let.e  shfipitiK 

* hone  find/or  Ki’ind  for  form  eondit.ions 

* finish  turn 

* ins.t.all  i-n-ooves  hy  crusli  grltniiiiK 

* install  noncy  1 i ndr i cfi  1 features. 

* lifirden  hy  nit  riding  find  plate  s.urfaces. 

* ins.tall  remaining  noncy  1 i ndr i cal  t’efit  ures. 

* finiidi  mfichine 

* hfirdi'ii  hy  type  A nit.ride 

* finish  to  prenitride  size 

* ins.pect,  cli'iin,  mark,  electrofilm,  preserve 

find  pack  part 

The  n<>.icl  phfis*’  of  formiilfit  i n^t  fi  process  model  is.  1 1'  expfind  tlie  steps  of 
the  f-'eiieral  outline  I'y  i ncorpvirat  i iif.'  the  loKic  to  determiiu-  reipi  i rt'meiit  s.  for 
s.pecific  typi's  v’f  opei’fit  i i>ns. . 'I'he  lo^ic  would  he  devi'ioped  has.ed  on  Keoiiu't  ry  , 
vl  i mens,  i I’ll , finis.li,  iimlerial  find  s.pecial  process.  Vft  r i fit  i (Uis  allowed  in  tlie  pfirt 
ffimi  ly  do  f i n i t i I'll . In  t lu'  ahove  outline,  for  exfunple,  the  requirement  t'or 
deep  holi'  drilling  is.  depiuidi'iit  on  ( lu'  size  find  length  ot'  the  thru  hori'  tif 
one  I’xistfi).  Init  ifil  shfipinK,  of  tin'  pfirt  iiifiy  result  in  drilling',  tlie  t'ore  if 
the  size  diies.  not  require  fi  deep  hole  operfition.  hiiifill  ffteppi'd  li  i fimeters.  t.luit 
cfin  he  finitih  f.’iri'und  in  I'tii'  I'pi'fat  ion  would  lu't  lie  ri'ugh  t iirnevi  wlien  sliapinp, 
till'  part..  Only  certfiin  ►ii'i'ove  features  would  he  turiic'd,  others  woulvi  he  crush 
►’■.round.  I'iameters  are  also  machined  diirliiK;  crush  ►'.rinditiK  under  certfiin  cir- 
cuiiuit  finces  . I'firts  iiifide  of  certain  mat  er  i fi  I fi  may  require  hi'fit  treatment  efirly 
in  the  proces.s  followed  short  ly  thereafter  hy  a stress  relief.  l.ogic  would 
filsv'  he  included  to  ►'.enerfite  a finish  turn  operfition  for  pfirt  surfaci's  t Init  can 
not  he  finislK'd  durin(j’,  shfipiiiy:  operat  ions,  find  do  not  have  tolerance  cond  i t i inis 
thfit  ri-quire  ►’;r  i lui  i iik,  . 
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Logic  would  be  included  to  machine  noncylindrical  features  (slots,  flats, 
windows)  and  drill  holes  if  they  are  specified  in  the  part  design.  The 
sequence  for  installing  these  features  would  depend  on  "timing  feature"  re- 
quirements and  the  type  of  feature.  Certain  features  tiiat  break  into  tlie  bore 
or  are  of  a certain  shape  may  not  be  installed  until  later  in  the  process. 

Tile  general  outline  above  sliows  tiiat  tiiest?  features  are  installed  following 
an.v  requirement  for  nitriding. 

Tile  logic  for  tiardening  the  part  by  a nitride  process  and  plating  surfaces 
'ouli  depend  on  several  variables.  Part  material  and  tlie  type  of  nitride 
process  specified  are  key  parajneters  upon  which  the  sequence  of  operations 
depends.  Only  under  certain  conditions  is  ttie  entire  part  nitrlded.  In 
situations  wliere  specific  surfaces  are  to  be  nitrlded,  tlie  process  model  must 
provide  for  masking.  Tlie  masking  process  is  dependent  on  the  type  of  part 
material.  Requirements  for  final  plating  ( e.g.,  nickel ) would  follow  tlie 
nitride  process  and  the  removal  of  the  protecting  mask  material. 

Hequirements  for  finish  machining  (hone,  grind,  lap)  are  dependent  on 
tolerance,  surface  finish  and  form  conditions  luid  whether  nitriding  is  re- 
quired. The  final  operations  to  be  covered  by  the  logic  are  requirements  for 
inspection,  cleaning,  marking,  preserving  and  packing.  The  requirement  for 
electrofilming  would  also  be  determined  in  this  part  of  the  model. 

The  end  result  of  incorporating  logic  into  the  general  process  outline 
for  a part  fiunily  is  a process  model.  The  model  will  generate  different 
sequences  of  operations  conditional  on  variance  in  design  data.  Figure  1.' 
shows  an  example  of  an  operation  sequencing  structure  that  might  be  found  in 
a process  model.  Each  element  or  box  is  the  equivalent  of  a sequence 
"branching"  logic  or  a test  for  generating  an  operation.  Boxes  from  which 
either  of  two  "piaths"  can  be  followed  are  branching  elements  of  the  model. 

The  path  followed  depends  on  whether  the  specific  condition  is  true  or  false 
for  the  part  being  planned. 

For  example,  boxes  l8,  39  and  ItO  might  be  elements  of  the  process  model 
to  install  noncylindrical  features  and  stress  relief  the  part  if  the  material 
is  AMB  5616  and  type  A nitriding  is  required.  Box  38  would  perform  a test  to 
determine  if  thi  part  material  is  AMB  5816,  If  the  answer  is  true,  the  proct'ss 
model  would  nranch  to  box  39  where  another  test  would  be  made  to  determine  if 
the  part  has  a requirement  for  type  A nitride.  Again,  if  the  answer  is  true, 
the  process  model  would  branch  to  box  140.  At  this  element  a teat  might  be 
made  to  determine  if  the  part  has  a timing  feature  requirement  that  should  be 
installed  before  machining  the  noncylindrical  features.  If  at  any  of  these 
branch  points  the  answers  were  false,  a different  path  would  be  followed.  A 
false  answer  at  element  38,  for  example,  would  result  in  a transfer  to  box  Ls, 
This  element  would  be  a test  for  generating  a metalcutting  or  non-metalcutting 
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operation,  such  us  an  OD  grind  on  a centerless  grinder  or  copper  plating 
surfaces.  Wliether  tui  operation  would  be  generated  would  depend  on  the  design 
characteristics  of  the  poi’t  being  planned. 

It  can  be  seen  in  the  example  of  tl>e  operation  sequencing  structure  that 
there  are  twelve  possible  paths.  'Pwo  of  the  paths  are: 

(1)  37,  38,  3^),  >t0,  1*1,  1*2,  1*3,  1*1*,  1*5,  1*6,  1*7,  1*8,  69,  70 

(2)  37.  38,  1*5,  1*6,  1*9 

This  means  there  are  at  least  twelve  sequences  of  operations  that  could  be 
generated.  There  are  in  fact  many  more.  For  example,  boxes  37  and  1*5  are 
tests  for  generating  operations.  Depending  on  the  part  design,  an  operation 
may  or  may  not  be  generated  in  either  case.  Therefore,  in  path  (2)  above, 
four  different  operation  sequences  could  be  generated.  Since  both  of  these 
boxes  occur  in  all  twelve  possible  paths  of  the  operation  sequencing  structure, 
there  is  a minimum  of  forty-eiglit  (1*8)  possible  sequences  of  operations, 
boxes  1*1,  1*2,  1*3,  1*1*,  1*7,  1*8,  1*9  and  70  are  also  tests  for  generating  opera- 
tions. Thus,  tlie  number  of  possible  operation  sequences  gets  much  larger. 

The  remainder  of  this  section  will  Illustrate  the  different  program 
elements  of  a process  model  that  are  represented  as  boxes  in  the  operation 
sequencing  structirre  of  Figure  12  . The  elements  of  logic  used  to  fonn  a 
process  model  are; 

• simple  metalcutting  axiom 

• multiple  operation  metalcutting  axiom 

• single  feature  metalcutting  axiom 

• non-metalcutting  axiom 

• branch! tig  or  progr*un  transfer  axiom 

2.2.  3. 1 2imjf'l^e_Metal£u^ti_ng^  ii^lpros 

Figure  1 1 is  an  example  of  a simple  metalcutting  axiom  that  would  nor- 
mally be  placed  at  the  beginning  of  a process  model.  The  rationale  in  this 
axiom  is  to  machine  any  outside  surface  of  the  part  on  an  automatic  bar 
machine  conditonal  on  a surface  being  an  open  diameter,  an  exposed  semiopen 
diameter,  or  an  end.  This  axiom  would  cause  CPPD  to  generate  a turn,  face, 
and  cut-off  operation  to  shape  a piece  of  bar  stock  and  cut  it  off.  The  type 
of  data  generated  is  shown  in  Figure  7,  operation  0010. 


Axiom  vocabulary  and  structure  are  important  in  formulating  the  rationale. 
Tile  vocabulary  Includes  key  words.  For  example,  tlie  term  "outside  sui'face" 
will  cause  CPPP  to  only  test  surfaces  on  tlie  external  perlptiery  of  tlie  part; 
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Turn  outside  surface  on  MCOUOO  (Automatic  Bar)  in  nonnal  if 

Surface  is  an  open  diameter  (or) 

Surface  is  a semiopen  diameter, 
surface  is  exposed  (or) 

Surface  is  an  end  $ 


KiSUBK  1 S.  KXAMrLK  OK  AXIOM  TO  SllAPK  BAR  STOCK 
Logical  expression:  A + (B-C)  + D 


internal  surfaces  are  not  considered  by  this  axiom.  'I'he  term  "normal"  means 
that  tht'  part  design  should  be  oriented  in  the  direction  of  iiormai  . Orienta- 
tion axioms  are  used  to  define  the  normal  orientation  of  a part;  one  of  the 
first  axioms  of  a process  model  would  orient  tl\e  part  for  subsequent  CPPP 
analysis.  Terms  like  "open  diatiieter",  "semiop'en  diameter",  "exposed",  and 
"end"  are  vocabulary  used  by  tlie  manufacturer  in  formulating  the  process 
model.  Their  meaning  must  be  defined  to  CPPP,  Appendix  K defines  vocabulary 
terms  used  in  the  demonstration  process  model  for  a part  family  of  nitralloy 
sleeves . 


The  structure  of  an  axiom  is  equivalent  to  a Boolean  (logical)  expression. 
The  expression  must  be  true  for  at  least  one  part  surface  before  an  operation 
can  be  generated.  All  surfaces  for  wl\ici\  tlie  Boolean  expression  is  true  will 
be  cut  in  t.iie  operation.  If  the  Boolean  expression  is  false  for  all  part  sur- 
faces, an  operation  will  not  be  generated  and  CPPP  will  go  on  to  the  next 
axiom  in  the  operation  sequence  structiu'e. 


The  above  axiom  results  in  a simple  Boolean  expression: 

A +(B*C)+  n = ( 1 ,0) 


wliere 

A = 'open  dieimeter' 

B = 'semiopen  dituneter* 

C = ' exposed ' 

D = ' end ' 

Kiguro  ill.  illustrates  the  "syntax  tree"  wliich  shows  how  CPPP  evaluates  the 
Itoolean  expreijsion  for  eacii  outside  p'art  surface.  Ciiven  a particular  part 
surface,  the  evaluation  begins  by  testing  for  an  open  difuneter.  If  the  answer 


Ml 
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(1,0) 


FIGURE  1I4.  EXAMPLE  OF  SYNTAX  TREE  FOR  LOGICAL  EXPRESSION: 
A+  (B'C)  +D.  T=  true;  F = false 


is  true,  then  by  following  the  truth  path  (T)  it  can  be  seen  the  expression  is 
true.  This  would  cause  CPPP  to  generate  a turning  operation  for  the  particular 
surface.  CPPP  would  then  continue  to  the  next  part  surface  and  repeat  the 
evaluation  procedure.  Conversely,  if  the  answer  were  false  to  the  initial 
test,  CPPP  would  follow  the  false  path  (F).  This  leads  to  the  next  test  which 
is  to  determine  if  the  surface  is  a semiopen  diameter.  If  the  answer  is  true, 
the  syntax  tree  shows  that  a further  test  is  needed  to  determine  if  the  surface 
is  exposed.  Further  evaluations  of  the  Boolean  expression  by  the  syntax  tree 
can  be  verified  by  the  reader. 

Every  process  axiom  has  a syntax  tree.  The  coded  form  of  an  axiom,  which 
is  generated  by  the  CPPP  Language  Processor,  is  equivalent  to  the  logic  por- 
trayed by  its  syntax  tree. 
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Figure  15  is  another  example  of  a simple  metalcutting  axiom.  The  purpose 
of  this  axiom  in  the  model  from  which  it  was  taken  is  to  finish  shaping  the 
part  in  reverse  orientation  on  an  automatic  chucker  or  NC  lathe.  (The  model 
had  previously  provided  for  shaping  surfaces  of  the  part  in  th*  normal  orien- 
tation on  a bar  machine. ) The  operation  generated  by  this  axiom  could  result 
in  machining  both  outside  and  inside  surfaces.  The  upper  portion  of  the  axiom 
specifies  the  rationale  for  machining  outside  surfaces.  It  provides  for 
cutting  open  diameters  that  were  not  previously  cut  on  the  bar  machine,  semi- 
open diameters,  the  free  end,  reliefs  and  the  largest  OD.  It  also  states  that 
open  and  semiopen  diameters  be  cut  only  if  they  are  exposed.  The  largest  OD 
will  be  finish  turned  only  if  its  tolerance  is  between  .OOU  and  .010  and  any 
specified  concentricity  requirement  is  looser  than  .002.  This  rationale  implies 
that  surfaces  with  a more  open  tolerance  can  be  finished  by  the  initial  bar 
machine  operation.  Also,  a surface  with  diametral  tolerances  tighter  than  .00k 
or  concentricity  tighter  than  .002  will  require  grinding  and,  therefore,  should 
not  be  turned  again. 


Table  1 shows  the  full  rationale  of  the  manufacturer  with  respect  to 
largest  OD  for  the  part  family  of  sleeves.  Similar  conditions  govern  the 
machining  of  other  diameters  and  faces  that  form  stepped  shoulders  (semiopen 


TABI.E  1.  MODEL  RATIONALE  FOR  LARGEST  OD 


Surface 

Machine 

Condition 

Requirement 

Operation 

sol  i d 

bar  machine 

turn 

.OOk  ^t<.010 

automatic  chucker 

finish  turn 

0 > .002 

NC  lathe 

t < .00k 

OD  grinder 
centerless  grinder 

grind 

0 < .002 

OD  grinder 

grind 

centerless  grinder 

t = tolerance 
o = concentricity 
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Turn  outside  surface  on  MC2k00  (automatic  chucker)  or  MC2500  (NC  lathe) 
in  reverse  if 

Surface  is  an  open  diameter, 
surface  is  not  cut, 
surface  is  exposed  (or) 

Surface  is  a semiopen  diameter, 
surface  is  exposed  (or) 

Surface  is  a free  end  (or) 

Feature  is  a relief, 

feature  location  is  .LE  0.5*  part  length  (or) 

Surface  is  largest  OD 

diametral  tolerance  is  .LT  .010, 
diametral  tolerance  is  .GE  .OOh, 
concentricity  is  .GE  .002  $ 

(c)  Turn  inside  surface  if 

Feature  is  a thru  bore, 

feature  is  not  cut  (or) 

Feature  is  a counter bore, 
feature  is  exposed, 

feature  is  not  a sharp  edge  feature  (or) 

Feature  is  a groove, 

feature  is  a counterbore  feature, 
feature  is  exposed  $ 


FIGURE  15.  EXAMPLE  OF  SIMPLE  METALCUTTING  AXIOM 

Logical  expression  (top):  (A‘B-C)+(D"C)+E+(F-G)+(H*I*J'K) 
Logical  expression  (bottom): (L‘B)+(H’C’n)+(0’P‘C) 
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dimneters)  and  count erlKJi'ea . These  surfaces,  however,  may  have  other  coiuli- 
tions  for  operations  that  are  related  to  special  process  requirements  of 
hardening  and  plating.  Also,  surface  finish  and  form  conditions  of  straight- 
ness, roundness,  etc.,  generate  requirements  for  operations. 

The  lower  portion  of  the  axiom  in  Figure  K)  specifies  the  rationale  for 
machining  inside  surfaces.  It  provides  for  cutting  the  thru  bore,  count erliores , 
and  grooves  located  in  a counterbore.  The  tliiui  bore  will  be  cut  only  on  the 
condition  that  it  wan  not  previously  cut  in  an  earlier  operation.  If  the  bore 
is  a deep  hole,  the  model  will  cut  it  with  an  ejector  or  gun  drill  following 
the  initial  bar  machine  operation.  An  exposed  counterbore  will  be  cut  in 
this  operation  providing  it  is  not  a "sharp  edge  feature".  These  features 
are  installed  by  grinding  following  any  requirement  for  nitriding. 

Figure  Iti  shows  another  example  of  a simple  metalcutting  axiom  progrfunmeil 
to  crush  grind  grooves  and  outside  difuiieters  that  have  not  been  oit  or  have 
tolerances  less  th.an  .OOlt.  This  axiom  also  requires  that  the  separation 
between  grooves  to  be  crush  ground  be  greater  than  .060.  This  requirement 
is  based  only  on  the  pi-ocess  of  crush  grinding. 


Crush  grind  outside  surface  (grooves)  on  MClliOO  (crush 
grinder)  in  normal  if 

feature  is  a groove, 

feature  is  not  cut  (or) 

feature  is  a semiopen  diameter, 
feature  is  not  cut  (or) 

feature  is  a semiopen  diameter, 

diametral  tolerance  is  .LT  .OOU 

providing  the  following  condition  exits: 

groove  separation  (O.OoO)  $ 


FTGUKF  16.  KXAMPIJ-l  OF  SIMPLE  MKTAl.OUTTING  AXIOM 
Logical  expression:  + 'T>) 

Figure  17  shows  an  example  of  a simple  metalcutting  axiom  programmed  to 
generate  finishing  operation  on  the  thru  boro.  It  requires  the  tluni  bore  to 
be  lapped  with  a hand  hone  whenever  the  surface  finish  or  tolerance  is  no 
greater  than  8 or  .OOOlt  respectively  or  when  the  straightness  or  roundness 
form  condition  is  no  greater  than  .0001. 
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Lap  the  thru  bore  on  MC1700  (hand  hone)  in  normal  if 
Surface  finish  is  .LE  8 (or) 

Diametral  tolerance  is  .LE  .OOOU  (or) 
Straightness  is  .LE  .0001  (or) 

Roundness  is  .LE  .0001  $ 


FIGURE  IT  . EXAMPLE  OF  SINGLE  FEATURE  METALCUTTING  AXIOM 
Logical  expression;  A+B+C+D 


2 . 2 . 3 . 2 Mu_y;^^e_0£era^ion_M£t^cu^t iji£  ^ipm 

This  class  of  metalcutting  axioms  is  similar  in  form  to  the  simple 
metalcutting  eixioms.  The  only  difference  is  that  multiple  operation  metal- 
cutting axioms  instruct  CPPP  to  generate  one  operation  for  each  part  surface 
for  which  the  axiom's  rationale  is  true. 

Figure  l8  shows  an  example  of  a multiple  operation  metalcutting  axiom.  It 
can  be  identified  by  the  key  word  "each"  in  the  statement  of  the  operation. 

This  axiom  will  cause  a grind  operation  to  be  generated  for  each  inside  dia- 
meter that  is  exposed  and  whose  tolerance  is  less  than  .002.  The  rationale 
also  states  that  this  axiom  does  not  apply  to  the  thru  bore. 


FIGURE  18.  EXAMPLE  OF  MULTIPLE  OPERATION 
METALCUTTING  AXIOM 
Logical  Expression;  A*¥»C»D 
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Kif!:uro  10  is  anotlier  example  of  a multiple  operation  metal  cutting  axiom 
programmed  to  generate  a milling  operation  for  each  "window"  that  is  exposed 
and  was  not  previously  cut.  A window  is  a term  for  an  opening  into  the  bore. 
A further  condition  of  the  rationale  is  that  the  edge  where  the  window  breaks 
into  the  bore  have  a radii  of  greater  than  .005.  (Windows  with  smaller  radii 
will  be  installed  by  an  EDM  process  following  any  requirement  for  nitriding.) 
llie  rationale  also  requires  that  the  "timing  feature"  be  machined  before 
installitig  a window.  If  a window  has  no  associated  timing  feature,  then  the 
conditio!!  does  not  apply.  In  the  case  where  multiple  patterns  of  windows 
must  be  installed,  an  operation  is  generated  for  each  pattern.  A pattern  of 
windows  or  any  other  noncyl indrical  feature  is  when  more  than  one  featxire 
exists  in  a cross-section  of  the  part. 


Mill  each  outside  surface  (window)  on  MCI 300  (miller) 
in  reverse  if 

I’oature  is  a window, 

feature  is  not  cut, 
feature  is  exposed, 
bore  edge  break  is  . OT  .005 

providing  the  following  condition  exists: 
timing  condition  met  $ 


EIGIIRE  Id.  EXAMPLE  OF  MirLTTPLE  OPERATION  MT'ITALCUTTINC. 
AXIOM  RIK  NONCYLINDRTCAL  FFJmrRE 

Logical  Expression:  A«B»C»D 


2 . 2 . 3 . 3 ^inglp_Fea_ture_M£tal£u;tt i^ni]^  Axio"! 

A single  feature  metalciitting  axiom  is  programmed  to  generate  iui  operation 
on  one  part  sur’ace.  Figure  PO  shows  an  example  of  a single  feature  metalcuttin*' 
axiom.  Tlie  axiom  is  programmed  to  hone  the  thru  bore  on  an  automatic  hoiie.  An 
operation  will  always  be  generated  vrtienever  this  axiom  is  encountered  in  the 
process  model.  The  only  condition  is  that  the  part  have  a thru  bore. 


R77-9i»26.'’5-li* 


Hone  the  thru  bore  on  MC0900  (automatic  hone) 
in  normal  $ 


FIGURE  20  . EXAMPU:  OF  A SINGI£  FEATURE  METALCUTTING  AXIOM 


2.2.3.^  f[onm£t al  cu_t  t^n£  ^^om 

Nonmetalcutting  axioms  have  the  same  form  as  metalcutting  axioms  and 
result  in  the  generation  of  operations.  The  only  difference  is  that  CPPF  knows 
that  these  operations  do  not  result  in  the  removal  of  metal.  They  generally 
cover  requirements  for  special  processes,  inspection,  etc.  Figures  21  and 

show  examples  of  nonmetalcutting  axioms  respectively  programmed  to  generate 
nitriding  and  inspection  operations.  The  nitriding  axiom  specifies  that 
the  process  is  to  use  furnace  2700  and  that  the  manufactnrer 's  process  stan- 
dards HGII73  and  PMP505  apply.  This  axiom  assumes  a particular  nitriding 
steel.  For  a different  material,  the  process  standard  may  vary;  either  a 
more  general  axiom  is  required  to  accommodate  multiple  materials  or  a dif- 
ferent axiom  is  needed  for  each  type  of  material  affecting  the  process  stan- 
dards. Each  sui'face  to  be  nitrided  by  this  operation  will  be  identified  by 
CPPF. 


Nitride  in  MC0200  (Furnace),  MT0203  (Furnace  2700 ) 
per  HS1173  and  PMP505  if 

Surface  is  a nitrided  surface  $ 


FIGURE  21 . EXAMPLE  OF  NONMETALCUTTING  AXIOM  TO  GENERATE 
NITRIDE  OPERATION. 

Logical  E.xpression:  A 


Sample  roundness  of  the  thru  bore  with  MCI9OO 
(proficorder ) $ 


FIGURE  22.  EXAMPLE  OF  NONMETALCUTTING  AXIOM  TO  INSPECT 
THE  THRU  BORE. 
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2 . 2 . 3 . 5 ^ranc_h^ng^  j^^om 

In  the  earlier  discussion  about  formulating  process  models,  the  concept  of 
operation  sequencing  structure  was  introduced.  This  structure  consists  of 
the  different  kinds  of  metalcutting  and  nonmetalcutting  ajcioms  and  the  logic 
for  generating  different  sequences  of  operations.  A principal  element  used  in 
formulating  the  operation  sequencing  structure  is  the  branching  axiom.  This 
axiom  allows  the  manufacturer  to  construct  process  models  for  a large  varia- 
tion of  material,  geometry  and  process  conditions.  The  axiom  will  cause  CPPP 
to  test  for  specific  part  design  characteristics  and  transfer  (or  branch)  to 
t)ie  appropriate  section  of  the  process  model.  Figure  12  illustrates  the 
effect  of  branching  in  a process  model.  Figure  23  shows  several  examples 
of  branching  axioms.  The  first  one  is  programmed  to  transfer  to  element  0150 
of  the  process  model  if  the  part  has  a timing  feature  requirement.  Other- 
wise, CPPP  will  transfer  to  element  02l*0.  Branching  axioms  can  be  specified 
to  test  for  any  condition.  The  next  two  examples  show  branching  axioms 
that  test  for  surface  finish  requirements  less  than  l6  and  part  material  of 
AMB  5630  respectively. 


Do  0150  if  part  has  timing  feature  requirement,  else  02^0  $ 
Do  0200  if,', surface  finish  requirement  is  .LT  I6,  else  0320  $ 
Do  0110  if  material  is  .FQ  AMD  5630,  else  0150  $ 


FIOUBF,  23  . EXAMPI.EB  OF  BRANCHING  AXIOMS 


2 . 2 . U Use  of  Process  Models 


As  stated  earlier  in  this  section,  process  models  provide  the  necessary 
rationale  for  CPPF  to  plan  a sequence  of  operations.  The  models  consisting  of 
metalcutting  and  nonmetalcutting  axioms  and  branching  axioms  are  converted 
into  a computer  code  and  stored  in  the  data  base.  A complete  model  for  the 
demonstration  nitralloy  sleeve  family  is  given  in  Appendix  E.  CPPP  will  plan 
the  sequence  of  operations  for  a nitralloy  sleeve  by  using  the  process  model 
and  a full  description  of  the  part  design.  The  process  planner  can  also  inter- 
act with  the  system  to  make  any  desired  modi fications . All  data  generated 
about  operations  is  stored  by  CPPP  in  the  data  base  so  tliat  it  is  available  to 
plan  operation  details  and  calculate  workpiece  dimensions  and  tolerances. 

The  latter  function  will  determine  if  tlie  process  is  gocKl  from  the  standpoint 
of  producing  acceptable  parts. 
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2.3  Plan  Operation  Details 

The  CPPP  operation  detailing  function  provides  detailed  Infonnation  for 
each  operation  in  the  sequence  of  operations.  The  task  of  the  detailing 
module  is  to  determine  the  best  machine  tool  (if  a particular  one  in  not 
specified),  best  cut  sequence,  beat  cutting  tools,  and  bent  machining  para- 
meters to  use  for  each  operation.  In  initiating  OPPP,  the  process  planner  must 
indicate  whether  he  wishes  these  choices  made  to  minimize  machining  time  or 
machining  cost.  As  illustrated  in  Figure  ? , tills  task  is  one  of  finding  tiie 
best  path  through  a network  of  possible  choices.  The  figure  shows  iwo  machine 
tools  that  could  be  used  for  the  operation.  Eaoli  maclilne  tool  has  three  possible 
cut  sequences,  with  two  cut  sequences  being  possible  on  both  machines.  Tlic 
four  cut  sequences  have  respectively  three,  four,  four,  and  three  possible 
tool  combinations , two  of  which  are  unique  to  one  sequence  and  the  otlier  six 
of  which  arc  shared  by  two  sequences. 


OPIMAIION 


MACHINE  TOOl  S 


an  stouENccs 


TOOL  COMBINATIONS 


OHJECTIVe  f (NO  THE  PATH  OF  MINIMUM  TIME  OH  COST 


KiGURK  2li. 


THE  DETAILED  PIJVNNTNC.  NETWORK  PROHLiM 
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The  coHt  (or  lime)  of  the  operation  on  u machine  tool  is  that  of  the  nest 
cut  sequence  on  that  machine  tool.  The  cost  of  a sequence  Is  In  turn  that  of 
the  host  combination  of  cutting  tools  operutinK  at  chosen  feeds,  speeds,  and 
cut  depths.  The  heavy  line  iti  the  figure  represents  the  best  ciioice.  To 
identify  the  best  path  in  the  network,  all  paths  must  bt'  fJienerat  ed , exfunined, 
and  evaluated. 

The  nine  iTinct.ions  that  must  be  performed  to  arrive  at,  the  best.  p/it,h  tiiroii>.:h 
the  network  are  j;iven  iti  tlie  following’;  list,,  thiccessive  levels  of  indent. a- 
t ion  indicate  successive  levels  of  functional  nesting,';.  K<ir  (‘x/urqi  1 e , level  two 
is  repeated  several  times  to  solve  level  one  and  each  repetition  of  level  two 
ri'quires  several  repetitions  ol'  level  t.hi'ee. 

1.  betermini'  machine  tool  candidates 

Petei'mine  cut  siapience  candidate 
1.  Petermine  types  of  cut.s 

li . Petermine  cut.tinp  tool  candiilates 
!>.  t’alculiite  Machlniiv'  Pariuneters 
().  Formulate  cutt  in^t  tool  combinations. 

T.  liclect  best,  combination  of  cutt.ing  tools 
8.  Peiect  best  cut  sequence 

9.  ilelect  best,  machine  tool 


Futu'tions  1 and  9 are  performed  once  per  operat.ion;  P and  8 are  performed  each 
machine  tool  candidate.  IPmctions  d,  6,  Y are  performed  for  eviM-y  cut.  siapience 
considered  in  the  operation,  and  It  and  S are  performed  for  each  cut  in  every 
s.etpience  considered  in  the  operat.ion,  and  It  and  8 are  pert'ormted  for  each  cut, 
in  every  sequence.  Fach  of  these  nine  functions  will  be  discussed  in  depth 
later  in  this  section. 

The  main  emphasis  in  penerat.i up  operation  details  has  been  dev<'lop- 
ment  of  the  analytic  frtunework  necessary  t.o  do  the  Job.  The  currettt.  mode  of 
operation  relies  heavily  on  int.eraction  by  the  process  planner  to  steer  PPPP 
awjiy  from  consideration  of  bivd  or  unint.erestinp,  possibilities.  The  det.ail- 
inp  modules  are  not  yet  fully  developed  tind  do  not.  operate  from  stored  pro- 
cess lo^tic  as  the  Initial  operat.ion  sequencinp  modules  do.  As  a resvilt., 

PPPP  must.  (^;enerate  atid  examine  several  different  lop.ical  possibilities  at. 
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each  detailing  step  and  must  attempt  by  time  and  cost  estimates  to  make  good 
selections.  The  estimates  rely  heavily  on  machinability  analysis  and  values 
from  the  CPPP  data  base.  The  present  system  requires  a manufacturer  to 
estimate  many  data  base  values  used  in  tlie  analysis.  Ultimately,  these  esti- 
mates should  be  replaced  by  more  accurate  methods  of  calculating  the  data 
values.  Thus  CPPP  might  expend  considerable  effort  making  estimates  from 
poor  data  and  make  a poor  choice  if  unaided  by  interaction  by  the  process 
planner. 

A solid  framework  has,  however,  been  developed  for  CPPP  operation  detail- 
ing. This  framework  is  dependent  on  having  a description  of  each  metalcutting 
and  norunetalcutting  operation  that  has  been  included  in  the  sequence.  For 
metalcutting  operations  the  description  consists  of  the  type  of  operation, 
type  of  machine  tool  (lathe,  grinder,  hone,  etc.),  the  surfaces  that  are  to 
be  cut  and  the  workpiece  geometry.  For  nonmetalcutting  operations  such  as 
heat  treating,  plating,  coating,  or  inspection,  it  consists  only  of  the  opera- 
tion type  and  machine  type  (furnace,  bench,  etc.).  In  addition  to  this 
inforination  about  the  sequence  to  be  planned,  the  detailing  cycle  requires 
complete  information  about  the  workshop.  This  data  must  include  information 
about  available  machine  tools,  tooling  resources,  stock  removals  and  tolerances 
for  different  cutting  sitiiations,  and  machinability.  All  of  this  workshop- 
dependent  information  must  be  stored  in  the  OPPP  data  base,  whence  it  is 
retrieved  for  operation  detailing.  The  Information  about  the  specific  opera- 
tions is  generated  by  the  methods  described  in  Section  P.2.  The  data  is  passed 
along  in  the  form  of  an  "operations  matrix,"  a s\umnary  list  of  the  operation 
descriptions,  and  the  geometry  of  the  raw  material  and  finished  workpiece. 

Figure  25  shows  a sample  part.  The  first  six  operations  on  such  a 
part,  as  found  in  the  svunmary  list  of  operation  descriptions,  might  bo 
as  follows: 

Op  10  - Uraw  barstock  from  raw  material  stores 
Op  20  - Turn  to  rough  shape  and  cutoff 
Op  30  - Heat  treat  to  stress  relieve 
Op  I4O  - Centerless  grind  locating  diameter 
Op  50  - Oun  drill  through  bore 
Op  60  - Rough  turn  the  cutoff  end 

This  partial  sequence  of  operations  will  be  used  to  discuss  the  operation 
matrix,  also  shown  in  Figure  25. 
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At  the  top  of  the  figure,  the  final  part  geometry  is  shown  superimposed  on 
a section  of  barstock.  The  part  illustrated  has  an  open  outside  diameter,  two 
stepped  outside  diameters,  two  grooves,  a through  bore,  and  two  ends.  ITiese 
surfaces  are  numbered  in  a clockwise  fashion  starting  with  the  left  end.  By 
adding  "E"  for  end,  "D"  for  diameter,  "F"  for  face,  "G"  for  groove,  and  "I" 
for  internal  diameter  to  these  surface  numbers,  the  four-character  CPPP  surface 
names  are  formed  (EOOl,  D002,  F003,  etc.).  The  labels  appear  in  the  operations 
matrix. 

At  the  bottom  of  the  figure  is  the  beginning  segment  of  the  operations 
matrix  for  this  part.  There  is  a matrix  row  for  each  operation,  and  the 
illustration  shows  the  initial  six  operations  described  above.  The  operations 
matrix  consists  of  two  parts.  The  first  five  columns  are  for  genera]  operation 
data.  The  remaining  columns,  one  for  each  part  surface,  tell  which  surfaces 
are  cut  or  affected  by  the  operation.  The  first  column,  MCT,  identifies  the 
type  of  machine  class  to  be  used.  CPPP  recognizes  a hierarchy  of  three  levels 
of  machine  classification.  At  the  bottom  is  the  identity  of  specific  machine 
tools  such  as  B&S  No.  2 Automatic  Bar  Machine  or  Micromatic  723  Automatic  Hone. 
The  middle  level  groups  machine  tools  into  classes  such  as  automatic  bar 
machines  and  automatic  hones.  The  top  level  groups  machine  classes  by  types 
such  as  lathe  and  hone.  MCT  is  a code  representing  this  top  level.  The  MCT 
Code-1  is  used  for  noncutting  equipment  such  as  benches,  tanks,  and  furnaces; 

1 is  the  code  for  all  types  of  lathes;  2 is  for  deep  hole  drills;  5 is  for 
cylindrical  grinders;  and  so  on.  The  SETUP  column  determines  whether  the 
part  is  in  Normal  orientation  as  shown  in  the  picture  or  in  Reverse  orientation 
for  the  operation.  The  MCI  and  MC2  columns  give  the  internal  code  numbers  of 
the  primary  and,  if  specified,  alternate  machine  class  for  the  operation.  For 
example,  UOO  is  the  code  for  bar  machines,  and  2^00  and  2500  are  the  codes  for 
automatic  and  NC  chuckers.  The  MT  column  may  specify  a particular  machine 
tool  for  the  operation.  In  the  figure  a raw  material  bench  (MT  = 108)  is  speci- 
fied for  Operation  10  and  a stress  relief  furnace  (MT  = 301)  for  Operation  30. 
The  remaining  columns  (affected  surfaces)  have  a 1 to  indicate  a surface  is  cut 
in  an  operation  or  a 0 to  indicate  it  is  not.  A 1 is  also  used  to  indicate  that 
a surface  is  affected  by  a special  process,  such  as  nitriding  or  nickel  plating. 

2.3.1  Determine  Machine  Tool  Candidates 


To  determine  the  qualified  machine  tool  candidates  for  an  operation,  CPPP 
first  examines  the  MCI,  MC2,  and  MT  columns  of  the  cut  matrix.  An  entry  in 
MT  will  cause  the  specified  machine  tool  to  be  the  only  candidate  and  it  is 
automatically  qualified.  Otherwise,  all  machine  tools  listed  in  the  data  base 
under  the  machine  class  identified  in  MCI  become  possible  candidates.  Tf  MC2 
specifies  an  alternate  class,  all  its  machine  tools  are  also  included. 
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The  possible  list  of  candidate  machine  tools  is  then  exfutiined,  one  machine 
at  a time,  and  those  which  qualify  for  the  operation  become  part  of  the  final 
list  of  qualified  machines.  Machines  from  the  original  list  qualify  for  an 
operation  if  tliey  can  pliysically  accommodate  the  workpiece  and  can  perform  the 
required  cuts.  The  present  version  of  CPPP  disquali f ies  a machine  tool  only  if 
the  overall  part  length  or  diameter  is  too  large  or  small  or  if  some  special 
feature  — such  as  bore  diameter  for  a gun  drilling  operation  — is  out  of 
range.  However,  information  is  now  available  in  the  CPPP  machine  tool  file 
and  part  design  data  to  support  more  detailed  analysis  in  the  selection  of 
qualified  machine  tools.  For  example,  machines  with  horsepower  ratings  below 
a certain  value  could  be  eliminated  for  certain  hard  to  machine  materials.  The 
types  of  cuts  and  their  tolerance  and  finish  requirements  could  also  be  used  to 
restrict  t lie  number  of  machines  consiiiered . It  in  of  practical  importance  to 
limit  this  number  because  a machining  analyr.is  is  performed  for  each  machine 
and  can  result,  in  appreciable  computer  costs. 

After  (jual  i f icat  ion  is  finished  the  operation  will  be  fully  detailt'd  on 
every  qualified  machine  tool  to  determine  which  is  the  best  one. 

P . 1 . P Petermine  Cut  oequonce  Candidates 

The  first  sti'p  in  identifying  cut  sequences  is  for  t’PPP  to  determine  the 
aggregate  material  to  be  removed  in  the  operation.  Figuj-e  P6  shows  the 
stock  removal  for  Operation  20  of  the  cut  matrix  in  Figure  pfi . From  this 
figure  it  is  easily  seen  that  while  tliere  ai'e  five  cut  surfaces  — KOOl  , OQOh , 
F00‘),  DOOb,  and  KOOO  — there  will  be  only  four  cuts  because  POOG  and  F005  must 
bo  formed  together  from  solid  condition.  CPPP  recognizes  tiicse  four  cuts  and 
orders  tliem  into  different  cutting  sequences.  hogically  there  are  PH  possible 
sequences  of  the  four  cuts,  but  some  of  these  are  pliysically  impossible  and 
others  may  not  he  gooii  machining  practice.  For  example,  the  eighteen  logical 
possibilities  that  place  KOOl  first,  second,  oi‘  third  in  the  sequence  are 
pliysically  impossible  because  barstock  cutoff  must  be  the  last  cut  in  the 
operat ion . 

If  the  grooves  were  also  formed  in  tills  operation,  it  would  generally  be 
preferable  to  cut  t hem  after  P006  to  avoid  an  interrupted  cut.  on  the  d Liuneter 
and  to  avoid  cutting  excess  stock  in  a foi-ming  operation.  It  would  also  be 
logically  possible  to  cut  cithei’  groove  first,  tlius  doubling  t.hc  number  of 
possible  cut  sequences  to  be  considered  witbout  adding  anything  of  int.crest . 

For  these  reasons  it  is  necessary  for  PPIT  to  apply  some  manufacturing  int.el- 
ligence  to  limit  the  number  of  candidate  cut  sequences.  Par  machiiu's  in  general 
require  cutoff  to  be  the  last  cut.  Pw'ss  automatics  and  ti accr  lathes  require 
a single  right  to  left  cutting  pass.  On  any  manual  machine  it  is  important, 
to  cut  the  datum  reference  surface  for  tlie  operation  first.  These  arc  all 
examples  of  i nt  e i li gi'nce  that  ari’  not  yet  implemented  in  CPPP,  but  which  have 
been  partially  i<ientiried  and  can  be  further  developeil. 


FIGURE  26.  MATERIAL  REMOVED  IN  AN  OPERATION 


What  CPPP  actually  does  is  to  follow  heuristic  rules  to  subdivide  the 
total  stock  to  be  removed  into  regions.  The  regions  themselves  are  ordered  and 
are  then  each  broken  down  into  a subset  of  ordered  cuts.  The  procedure  used 
makes  all  rough'cuts  before  any  finish  cuts,  cuts  diameters  before  forming 
grooves  in  them,  etc.  While  these  heuristics  are  being  improved  and  even- 
tually replaced  by  process  decision  logic,  the  process  planner  can  use  the 
CPPP  interactive  capability  to  modify  or  specify  the  cut  sequence  candidates. 


When  the  cut  sequence  candidates  have  been  determined,  each  one  is  further 
led  in  turn.  Any  one  of  the  cut  sequences  is  an  ordered  list  of  the  sur- 
I to  be  cut  and  implies  a breakdown  or  decomposition  of  the  material  to  be 
'ed.  Decompositions  for  two  cut  sequences  are  shown  in  Figure  27. 


Determine  Types  of  Cuts 


The  next  problem  for  CPPP  is  to  recognize  the  material  decomposition  for  a 
cut  sequence  and  to  determine  the  type  of  cut  represented  by  each  element  of 
the  decomposition.  To  select  appropriate  cutter  tools  and  to  estimate  cutting 
time  and  cost,  CPPP  must  know  the  type  of  cut.  Under  the  CPPP  philosophy, 
each  workshop  is  allowed  to  specify  the  types  of  cut  each  machine  tool  can 
make.  For  each  cut  type  defined,  a computer  program  is  written  and  made  part 
of  the  library  of  cut  types  known  to  CPPP.  Figure  28  shows  examples  of  some 
cuts  included  in  the  CPPP  cut  library;  more  are  defined  in  Appendix  G. 


A list  of  all  the  cut  types  each  raaehlne  tool  ean 
the  err?  data  base.  Wien  a particular  sequence  of  cut 
for  a particular  mac}nne  tool,  CTP?  steps  throuph  the 
cut  types.  For  each  on  it  executes  the  corresponding, 
first  cut  surface  ui.til  one  of  them  recognizes  the  fir 
cut  type.  fPFF  then  advmices  to  the  second  sui’face  in 
FifTure  fd  shows  the  result  of  this  activity  — each  cu 
type.  Also,  the  nominal  stock  removal  can  be  determin 
it  is  a rourli,  semi  finish,  or  finisli  cut. 


OPEN  TURN 


TUHN  AND  FORM 


OPEN 
( ACE 


CUT  SEQUENCE  E009,D(X)4.  (D006,F005),E001 


0.  inFNTTFirATTON  OF  OUT  TYPF 


Determine  Outtin/;  Tool  Cand i d ates 


OPPF  was  designed  to  support  two  methods  of  cutting  tool  selection.  Only 
one  is  currently  implemented  — selection  of  tj^ies  of  tools  based  on  the  machine 
tool  and  the  type  of  cut.  Along  with  the  list  of  cuts  each  machine  tool  can 
make,  the  OPPP  data  base  includes  one  or  more  cutting  tool  candidates  for  each 
of  the  machine's  cut  types.  (The  cutter  candidates  are  almost  always  tool 
types  rather  than  specific  tool  numbers.  Specific  tools  cannot  be  determined 
by  cut  type  alone.  It  is  necessary  to  know  the  actual  cut  pariuneters  — size. 
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fillet  radius,  part  material,  etc.  — that  are  encountered  in  particular  cutting 
situations.)  The  second  method  is  a capability  for  retrieving  specific  alter- 
nate tools  using  stored  process  logic  from  the  data  base.  However,  this  capa- 
bility is  not  being  used  by  the  present  demonstration  system.  Either  concept 
results  in  the  situation  illustrated  in  Figure  30,  wherein  each  cut  has  a 
corresponding  list  of  cutting  tool  candidates. 

A more  advanced  concept  not  supported  by  the  current  design  is  to  inter- 
face CPPP  with  a separate  tool  selection  system  that  operates  off  of  the 
workshop's  tooling  catalog,  CPPP  would  pass  cut  description  data  to  this 
system,  which  would  provide  specific  tooling  candidates. 
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TOOL-1 
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TOOL-1 

TOOL~3 

TOOL-4 
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EOOI 

CUTOFF 

TOOL-5 

FIGURE  30.  CUTTING  TOOL  CANDIDATES 


2.3.5  Calculate  Machining  Parameters 

Each  cut  is  analyzed  to  determine  its  feed,  speed,  depth  of  cut,  and 
number  of  cutting  passes.  These  machining  parameters  are  included  as  part  of 
the  detailed  data  on  the  operation  sheets  for  metalcutting  operations.  They 
are  also  needed  to  calculate  production  times  and  costs.  The  CPPP  framework 
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repeats  this  analysis  of  machining  parameters  not  once  per  cut,  but  for  every 
cutting  tool  candidate  for  each  cut.  Although  CPPP  does  currently  select  only 
tool  types  and  not  actual  cutters,  this  provision  is  made  to  allow  the  sub- 
sequent addition  of  actual  cutter  selection.  When  the  actual  cutter  and  its 
geometry  are  known,  they  become  important  parts  of  the  overall  cutting  situa- 
tion and  can  alter  the  machining  parameter  results.  In  particular,  the  shape 
and  size  of  single  point  turning  tools  limit  the  maximum  depth  of  cut  per 
cutter  pass. 


Tabic  2 shows  the  list  of  machining  parameters  of  importance  to 
computerized  process  planning.  Tlie  asterisks  identitY  those  parameters  not 
determined  by  the  present  version  of  CPPP.  In  addition,  since  the  present 
version  normally  uses  only  tool  types,  the  machining  parameters  are  the 
same  for  each  cutting  tool  candidate  for  a specific  cut. 


TABLE  2.  CPPP  MACHINING  PARAMETERS 


1. 

Number  of  passes 

9. 

Parts  per  tool 

2. 

Depth  of  each' pass 

10. 

Chip  Volume  (per  piece) 

K. 

Feed 

11. 

Rake  Angle* 

!*. 

Speed 

12. 

Nose  radius* 

5. 

Cutting  rate 

13. 

Tool  material 

6. 

Cutting  time  (per  piece) 

lU. 

Tool  cost  per  cutting  edge 

7 . 

Cut  cost  (per  piece) 

15. 

Force  on  tool  tip* 

8. 

Tool  life 

16. 

Horsepower  required 

IT. 

Spindle  torque* 

In  manual  process  planning  there  is  no  standard  method  of  determining 
feed,  speed,  depth,  etc.  Often  this  is  left  to  the  machinist.  That  cannot  be 
done  with  CPPP  because  the  system  needs  at  least  estimates  of  these  values  to 
make  its  selection  of  cutting  tools,  cut  sequence,  and  machine  tool.  It  is 
also  CPPP  philosophy  to  standardize  the  process  as  much  as  possible  by  having 
CPPP  encompass  all  processing  decisions,  even  if  some  must  be  sometimes  over- 
ridden manually.  If  a process  planner  does  specify  machining  parameters^  the 
most  systematic  method  in  common  usage  is  for  him  to  refer  to  machinability 
handbooks.  Handbooks  are  generally  organized  by  type  of  cut  (turning,  drilling. 
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surface  grinding,  etc.),  part  material  and  hardness,  and  depth  of  cut.  For  each 
combination  of  these  in  the  handbook,  there  will  be  a recommended  feed,  speed, 
and  cutter  material  and  often  estimated  tool  life. 

The  handbook  method  is  easy  to  use  manually  and  easy  to  computerize  because 
it  involves  a simple  table  look-up.  However,  the  handbook  does  not  offer  the 
flexibility  of  varying  the  peirameter  recommendations.  On  some  Jobs  it  is  best 
to  remove  metal  as  fast  as  possible  even  though  more  cutters  are  consumed;  on 
others  a high  cutter  cost  or  long  cycle  time  may  require  longer  tool  life  and 
a consequently  slower  cutting  rate.  Expressing  machinability  data  as  contin- 
uous functions  of  several  variables  — such  as  extended  Taylor  tool  life 
formulas  or  multiple  regression  equations  — greatly  increases  the  flexibility 
of  machining  analysis  and  opens  the  door  to  optimizing  machining  parameters  for 
particular  cutting  situations. 

Currently,  CPPP  references  its  data  base  to  determine  the  maximum  depth  of 
cut  the  machine  tool  can  make  on  a single  cutting  pass.  This  is  divided  into 
the  stock  removal  for  the  cut  to  determine  the  number  of  passes  required.  The 
stock  removal  is  then  divided  up  evenly  across  the  cutting  passes,  and  that 
value  is  the  depth  of  cut  that  is  used  for  look-up.  CPPP  looks  up  the  machine 
class,  type  of  cut,  part  material,  hardness,  and  this  depth  of  cut  in  the 
machinability  file  of  its  data  base  to  read  out  recommended  tool  material, 
feed,  speed,  and  estimated  tool  life. 

Once  the  recommended  machining  parameters  for  a cut  have  been  determined, 
they  can  be  included  in  the  detail  operation  information  and  used  further  by 
CPPP  in  the  analysis  of  the  operation  details.  In  particular,  machining  para- 
meters are  used  to  help  estimate  time  and  cost  data  for  individual  cuts,  combi- 
nations of  tools,  cut  sequences  and  machine  tools.  These  estimates  are  used  by 
CPPP  to  select  the  tools,  sequence,  and  machine  for  the  operation. 

The  actual  equations  used  by  CPPP  are  the  following: 
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t = cutting  time  (min) 

c 

K = number  of  passes 

d = depth  of  pass  (in.) 


= cutting  cost  ($) 

T = tool  life  (min) 
t^  = traverse  time  (min.) 
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= cut  length  (in.) 

= feed  (in. /rev) 

= speed  (in. /min) 

= tool  replacement  time  (min) 


= cost  of  labor  ($/hr) 

c = cost  of  machine  ($/hr) 
m 

c = cost  of  replaced  tool  ($) 


In  the  first  equation  t^,  traverse  time  between  passes  on  the  same  cut, 
is  currently  set  to  zero.  Ultimately  it  could  be  determined  and  included  by 
standard  time  calculations.  Derivation  of  other  terms  in  the  time  equation  has 
already  been  discussed.  One  of  these,  the  depth  of  each  pass,  will  be  changed 
in  the  future  from  uniform  depth  on  all  passes  to  a li{;ht  cut  on  the  last  pass 
with  the  remaining  stock  evenly  divided  between  the  remaining  passes.  That 
would  modify  the  time  equation  to  sum  over  the  passes  instead  of  multiplying 
number  of  passes  by  time  per  pass.  In  the  second  equation  Cj.,  cost  of  consumed 
tools,  is  currently  set  to  zero,  but  in  the  future  it  could  be  picked  \ip  from 
a tool  cost  file.  The  costs  for  labor  and  machine,  cj^  and  c^,  are  taken 
from  values  entered  by  process  planners  in  the  machine  tool  file  of  the 
CPPP  data  base. 

The  only  matter  that  has  not  been  fully  discussed  so  far  is  the  method  of 
determining  the  total  cut  depth  that  is  used  to  calculate  the  number  of  passes 
and  depth  per  pass.  This  method  makes  use  of  the  current  workpiece  geometry, 
the  operations  matrix  of  Figure  25,  and  the  CPPP  data  base  machine  tool 
file.  Tile  current  workpiece  geometry  contains  the  current  nominal  dimension 
of  the  cut  surface.  The  operations  matrix  tells  in  which  operations  the  surface 
is  cut  and  by  what  machine  classes.  The  machine  tool  file  gives  the  standard 
amount  of  stock  removal  of  each  machine  class.  If  the  cut  in  question  is  not 
the  initial  cut  on  the  surface,  the  stock  removal  value  from  the  machine  tool 
file  for  that  operation  can  be  used  directly.  However,  in  the  initial  cut 
as  much  stock  must  be  removed  as  is  necessary  to  leave  the  proper  amount  for 
all  subsequent  cuts.  So  the  standard  stock  removals  for  all  subsequent  cuts 
on  that  surface  are'  summed  up  and  combined  with  the  final  part  dimension  to 
determine  what  the  dimension  should  be  after  the  first  cut.  The  difference 
between  that  dimension  and  the  dimension  before  the  cut  gives  the  stock  removal 
for  the  first  cut  on  the  surface. 

The  current  CPPP  system  does  require  process  planners  to  determine  and 
put  in  the  data  base  the  standard  or  desired  amount  of  stock  removal  for  each 
machine  class.  Actual  stock  removals  should  depend  also  on  the  particular 
machine  tool,  the  type  of  cut  being  made,  the  workpiece  material,  and  its 
current  hardness.  CPPP  could  be  enhanced  to  store  and  retrieve  stock  removal 
using  these  parameters  to  give  more  realistic  stock  removals. 
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2.3.6  Formulate  CuttlnR  Tool  Combinations 

Under  consideration  is  a particular  sequence  of  cuts  on  a particular  machine 
tool.  A list  of  candidate  cutters  have  been  determined  for  each  type  of  cut. 

This  means  there  are  several  possible  combinations  of  cutter  tools  that  can  be 
used.  Picking  one  candidate  from  each  list  gives  a particular  cutting  tool 
combination.  It  is  important  to  consider  these  combinations  because  on  some 
machines  the  correct  choice  of  the  best  tool  for  one  cut,  in  theory,  cannot 
be  made  without  knowing  the  tools  for  the  other  cuts.  For  example,  on  a manual 
or  NC  machine  it  could  be  possible  to  reduce  the  total  number  of  tools  and  save 
turret  indexing  time  by  using  the  same  tool  for  more  than  one  cut. 

CPPP  formulates  the  possible  combinations  and  calculates  the  resulting 
operation  time  and  cost  for  each.  Essentially  this  builds  up  a subnetwork  prob- 
lem as  sliown  in  Figure  31 • Proper  evaluation  of  the  network  requires  more 
data  resources  than  are  available  in  the  demonstration  CPPP.  For  example,  if 
more  than  one  tool  is  mounted  on  a single  tool  post  to  make  multiple  cuts  at 
the  Siune  time,  the  recommended  feeds  must  be  adjusted  to  make  them  the  same  and 
equal  to  an  available  machine  tool  setting.  After  that,  the  cost  of  the 
tooling  for  the  cuts  is  the  sum  of  the  tooling  cost  of  each,  but  the  total 
time  is  only  the  time  of  one  single  machine  stroke.  A similar  situation  arises 
when  two  separate  tool  posts  operate  simultaneously . However,  CPPP  cannot  yet 
perform  this  analysis  because  it  has  no  information  on  tool  layout  and  simul- 
taneous cutting. 

OPEN  TACE  OPEN  TURN  TURN  & FORM  CUTOFF 


COST  OF  COMBINATION  - MACHINING  COST  + TOOLING  COST 
♦ TOOL  change  cost  ♦ MACHINING  OVERHEAD  COST 

FlUURE  31  . Tool,  COMIUNATION  CimNRTWORK 
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When  there  are  no  Himtiltfine<')nn  cuts,  the  eiittln*-^  time  for  ati  operation  wltji 
a partieviUir  seqvienoe  of  eutn  1b  tiie  Bum  of  all  cuttitiK  times,  turret  inilexiiifi; 
time,  traverse  time  between  cuts  ami  tool  setup  time.  To  the  cuttiutJ;  time 
CriT  adds  machine  setup  time  and  part  handling  time  to  cfilculate  an  estimate 
of  total  operation  time  for  that,  combination  of  tools  on  the  machine-tool. 
i.'rF’r  uses  the  total  operation  time  for  select  inf'  the  machine  tool  later  on. 
-dtrictly  speaking,  only  the  cutting  time  is  relevant,  to  analysis  of  the  tool 
combinations  on  a machine;  the  addition  of  a constant  funount.  of  noncutting 
time  does  not  affect  which  combination  in  selected.  Similarly,  (Tl’P  estimates 
the  total  cost  of  the  operation  for  the  tool  combination  being  considered  and 
not  Just  the  cuittitig  tool.  The  cost  of  the  operation  incltuies  ihe  coat  of  cut- 
tiuf',  and  noiuMittiuf;  time  plus  the  coat  of  t'ons\imed  t.ools  and  specially  ordered 
durable  tools.  Puralde  t.i'ols  include  contritl  cfuns  and  Ni'  tapes  as  we' 1 as 
gauges  and  fixtures.  This  information  is  not  all  present  in  the  current.  (ll’l’P 
;-.y;'t.em.  The  act.ual  formulas  used  are  shown  lielow. 
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= cost,  of  the  operat  ion 
= t ime  of  a sit\gle  cut. 

= cost,  of  diir.able  tooling 
= co:'.t.  oi’  labor  ($/hr) 

= cost,  of  machine  ($,'hr) 

= cost.  <'t'  a single  cut 


Pi::its  are  given  in  dollars  and  t iiiu'S  ii\  minutt'S.  The  values  t'or  t ime  and  cost 
of  a c\it.,  t _ and  c _ are  t.hosi'  previously  calculated  in  ;!ection  P.l.h.  i'ravers- 
Ing  and  indexing  tAmes  are  out::ide  t.lie  current  PPPP  analysis  aiul  are  set  to 
7.ero.  Thf>  remainii\g  values  are  at.  {'rei:ent  retrieved  from  the  PPPP  data  base, 
into  which  proeer.s  planners  must  in:!ert  actual  values  or  estimated  average::. 

In  future  extensions  of  t.he  PPPP  machining  analy::is  capability,  mai\,v  of  these, 
a::  well  as  traverse  and  indexitig  times,  co\ild  be  determined  by  standard  time 
:u\d  cost  cal  cu  I at,  iiuu: . 
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2.3.T  Select  the  Best  Petal llnp;  of  the  Operation 

So  far  this  discussion  of  the  CPPP  detail  planning  cycle  has  descended  in 
detail  to  the  deepest  level  to  analyze  individual  cutting  tools.  It  has  then 
stepped  back  up  one  level  to  analyze  the  use  of  a particular  candidate  combina- 
tion of  tools.  This  was  all  done  for  a particular  cut  sequence  candidate 
on  a particular  machine  tool  candidate  for  the  operation  being  detailed.  These 
analyses  are  repeated  many  times  to  cover  all  combinations  of  alternate  candi- 
dates. When  each  level  of  analysis  is  completed,  CPPP  makes  a process  decision. 
There  are  three  levels  at  which  decisions  must  be  made. 

1.  Each  candidate  cut  sequence  may  have  several  candidate  tool  combina- 
tions. When  each  tool  combination  has  been  analyzed  and  assigned  time 
and  cost  estimates,  the  best  tool  combination  is  chosen.  (The  process 
planner  must  inform  the  system  at  the  start  whether  he  wants  "best" 

to  mean  least  time  or  Least  cost.)  Its  time,  cost,  and  detailing 
information  become  the  detail  data  for  that  particular  candidate  cut 
sequence  and  are  saved  while  CPPP  analyzes  other  cut  sequence 
candidates . 

2.  After  each  candidate  cut  sequence  has  been  analyzed  by  detailing  its 
candidate  tool  combinations  and  selecting  the  best,  OPPP  selects  the 
best  cut  sequence.  The  time  and  cost  data  for  each  are  reviewed  to 
find  the  best  one.  That  sequence  with  its  tools  becomes  the  tentative 
detailing  of  the  operation  on  that  particular  machine  tool  and  is 
stored  for  later  consideration.  CPPP  then  repeats  the  detailing  pro- 
cedure on  the  remaining  machine  tool  candidates. 

3.  When  a cut  sequence,  tool  combination,  and  the  resulting  time  and 
cost  have  been  determined  for  each  machine  tool  candidate,  CPPP 
selects  the  machine  to  use  for  the  operation.  Again  this  is  the 
candidate  with  the  lowest  time  or  cost.  The  detailing  on  the  chosen 
candidate  becomes  the  final  detailing  of  the  operation. 

This  procedure  of  economic  analysis  is  repeated  for  every  metalcutting 
operation.  Nonmetalcutting  operations  are  handled  similarly  but  much  more 
simply  because  there  is  no  cut  sequence  or  cutting  tool  combination.  When  the 
last  operation  has  been  detailed,  the  detailed  operation  plan  lacks  only  final 
dimensions  and  tolerances  for  the  intermediate  workpiece  geometry  of  each 
operation.  Subsequent  subsystems  of  CPPP  calculate  dimensions  and  tolerances 
and  produce  the  finished  process  plan.  The  methods  \ised  to  calculate  dimen- 
sions are  described  in  the  next  section. 
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2.1i  Calcuiatioii  of  Dimensions  and  Tolerances 

The  purpose  ot'  a process  plan  is  to  provide  instructions  to  the  workship 
tellinfT,  how  to  make  a part.  A portion  of  the  instructions  for  a macliining 
operutioti  specifies  the  machine  to  use,  the  tools  to  use,  and  the  part 
features  to  machine.  Another  vital  portion  of  the  maciiiniiiK  instructions 
^’ives  the  size  of  features  and  their  location  relative  to  some  other  features. 

If  each  feature  is  macliined  only  once  and  is  machineii  after  its  location 
reference  (datum)  features  have  been  machined,  this  is  a rather  simple  matter 
The  part  pi’int  dimensions  can  then  be  used  directly.  For  example,  the  simple 
part  in  Fi^nire  32  could  be  planned  as  follows: 

Op.  10  - Oize  blank  to  dimetisions  A and  D 

Op.  20  - Cut  left  step  to  dimensions  C and  D 


Op.  10  - Cut  rif.ht  step  to  dimenaiotis  C and  K 
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However,  if  the  right  step  is  cut  first  it  cannot  be  measured  at  dimension  E 
from  the  left  step,  because  that  does  not  yet  exist.  The  calculated  dimen- 
sion (D  + E)  must  be  used,  as  shown  in  Figure  33.  This  simple  example 
illustrates  the  basic  problem  of  workpiece  dimensioning. 


m UH*MINT  DIMI  NSIONS 


OPIHATK^N.IO  A 


FIGURE  33.  MACHINING  TO  CALCULATED  DIMENSIONS 
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Now,  if  Operutions  20-A  aiiU  30-A  ai’e  used  as  Iti  Fi^^ui'e  33,  the  calcu- 
lation is  more  complicated.  The  toleranoed  step  height  is  still  C ± c. 

The  nominal  dimension  across  the  major  diameter  is  still  (D+K),  but  what 
tolerance  should  be  required?  If  (D+E)  ± e were  used  for  the  cut  on  the 
right  step  and  subsequently  D t d were  used  for  the  cut  on  the  left  step, 
the  following  "woi’st  case"  situation  could  result: 

1.  First  out  machined  to  (D+E)  + e — in  tolerance 

2.  t'econd  cut  machined  to  D-d  — in  tolerance 
Resuitiiit’:  flange  width  is 

I (D+E)  + ej  - [D-d]  = E + e + li  — out  of  tolerance. 

To  maintain  finished  tolerance  e,  the  machining  tolerances  t and  d must 
sat.isfy  the  following  inequal  it  ites  : 

1.  [(D+E)  + t]  - [D-d]  = E+t+d  < E+e,  where  d<-d 

2.  E-e  < [(D+E)  - tj  - [D-dJ  = E-t-d 

This  means  (t+d)  must  not  be  greater  than  e.  In  general,  t,  = e-d  would  be 
used.  However,  if  this  resultetl  in  a very  small  or  negative  value,  the  machine 
could  not  hold  the  tolerance.  Thus,  the  value  of  d would  have  to  be  reduced 
to  d which  is  smaller  than  blueprint..  This  case  provides  a simple  introduction 
to  the  problem  of  workpiece  tolerancing. 

2.)t.l  Machining  Diameters 

I 

Diiuneters  present  the  most  simple  requirement  for  dimensioning  and 
tol  eraru'ing.  The  dimension  of  an  external  diameter  decreases  by  the  luiiount 
of  stock  removal  for  the  cut.  The  dimension  of  an  internal  diajiieter  or  a 
hole  increases  by  the  mnount  of  stock  removal.  If  the  di.'uneter  is  only 
machined  once,  the  final  dimensioi:  cim  be  assigned  directly  from  the  part 
print.  If  machined  more  than  once,  its  dimension  on  the  final  cut  is  the 
final  pai-t  liimension.  The  dimension  on  previous  cuts  is  determined  by 
adding  the  st.ock  removal  back  on  for  external  diameters  (oi'  subtT’act.ing 
back  off  for  internal  diiuneters  and  holes). 


Eo  r 

exfunple,  consider 

the  following  cuts  on  an  external  dimneti 

Op, 

20  - Rough  turn 

(from  solid) 

Op. 

SO  - Finish  turn 

.ObO  stock  removal 

a 1 lowance 

Op. 

00  - Semi -finish 

grind 

.020  stock  removfil 

111  lowance 

Op. 

110  - Finish  gritul 

.010  stock  removal 

a 1 Uiwance 
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If  the  final  dimension  were  2.000,  then  that  is  the  vulue  for  Operation  liO; 
and  the  previous  values  are  2.010  for  Operation  90,  2.030  for  Operation  50, 
and  2.090  for  Operation  20.  If  this  is  the  largest  diameter  and  the  part 
is  made  from  2.250  barstock,  then  the  stock  removed  in  Operation  20  is 
0.160  inches  of f the  diameter  (0.080  off  radius). 

Since  a diametral  dimension  is  measured  from  one  side  to  the  other  of  a 
cylindrical  surface  or  hole,  there  is  no  locating  reference  surface  to  worry 
about.  Thus,  there  is  no  tolerance  buildup  problem.  The  tolerance  on  the 
final  cut  is  the  value  on  the  part  print.  Any  tolerances  can  be  assigned 
to  previous  cuts  provided  they  are  consistent  with  machine  tool  capability 
and  the  desired  amount  of  stock  removal. 

Figure  3^*  shows  the  relationship  between  tolerance  and  stock  removal. 
Every  cut  starts  with  a previous  dimension  and  tolerance,  P + p,  and  ends 
with  a subsequent  dimension  and  tolerance.  Sis.  Stock  removal  is  nominally 
the  difference  of  the  dimensions,  R = P-S;  but  the  actual  stock  removal  may 
range  anywhere  from  a maximum  of  {P+p)-(S-s)  to  a minimum  of  (P-p)-(S+s).  It 
is  bad  practice  to  allow  the  maximum  to  get  too  large.  It  is  absolutely 
essential  to  prevent  the  minimum  from  getting  too  small.  Too  much  stock 
removal  may  result  in  excessive  machining  time.  Too  little  stock  removal 
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FI&URE  31*.  RELATIONSHIP  BETWEEN  TOLERANCE  AND  STOCK  REMOVAL 
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can  result  in  bad  surface  finish  or  form  conditions.  Suppose  A is  the 
minimum  actual  stock  removal ^required  to  remove  scratches,  correct  for  out- 
of-round,  and  Insure  cutting  rather  than  plastic  deformation  of  the  workpiece  I; 

by  the  tool.  Then  for  automatic  machines  set  to  cut  at  a fixed  diameter: 

(P-p)-(S+s)  - A,  i.e.,R=P-S  - A+p+s.  (For  manual  machining  using  a fixed 
stock  removal  rather  than  a fixed  cut  diameter,  it  is  only  necessary  that 
(P-p)-(S-s)  - A and  hence  that  R - A+p-s. ) 

2 . It . 2 Machining  Faces 

Vertical  part  faces  step  from  one  diameter  to  another  or  from  the  end 
surfaces  for  cylindrical  parts.  Although  faces  follow  the  same  general  theory 
of  dimensioning  and  tolerancing  as  diameters,  they  present  additional 
difficulties. 

Faces,  like  di.'imeters,  reqtiire  coordination  of  nominal  stock  removal 
with  tolerances  to  assure  adequate  actual  stock  removal.  But  calculating 
the  lateral  dimension  of  a subsequent  cut  from  knowledge  of  its  stock 
removal  and  of  the  dimension  of  the  prior  cut  is  different  than  for  diameters. 

Wliether  the  surface  is  external  or  internal  makes  no  difference  in  the 
calculation  for  faces.  Whether  the  stock  removal  is  added  or  subtracted 
depends  on  the  material  side  of  the  face  and  the  position  of  the  reference 
surface,  as  shown  in  Figure  35.  Each  part  surface  is  a boundary  between 

the  part  material  on  one  side  and  air  on  the  other.  The  material  side  of 

a face  is  "left"  if  the  material  is  on  the  left  and  tiie  air  on  the  right, 
and  the  material  side  is  "right"  if  the  material  is  on  the  right  and  the  air 
on  the  left.  If  the  material  side  is  the  same  as  the  direction  from  the 
face  to  its  reference  surface,  stock  removal  is  subtracted  from  the  prior 
dimension  because  the  distance  is  decreased.  If  the  material  and  reference 
sides  differ,  the  stock  removal  is  added  to  the  prior  cut  to  increase  the 
d imension . 

This  analysis  of  adding  or  subtracting  stock  removal  on  a face  is 
only  an  introduction  to  the  real  problem.  In  fact,  this  analysis  is  valid 

only  for  the  simple  case  in  which  two  successive  cuts  on  the  same  face 

are  made  from  the  same  reference  surface  with  no  intervening  cuts  on  that 
reference  surface.  In  any  more  complex  case,  it  is  necessary  to  add  or  sub- 
tract several  cuts  and  stock  removals  to  find  out  what  the  dimension 
between  the  cut  surface  and  reference  surface  was  before  the  cut.  After  it 
is  fo\ind,  this  prior  dimension  plus  or  minus  the  stock  removal  gives  the 
dimetision  after  the  cut.  The  tolerance  of  the  new  dimension  is  the  machining 
tolerance  of  that  cut,  plus  the  machining  tolerances  of  every  cut  used  in 
calculating  the  dimension  prior  to  the  cut. 
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The  analysis  of  lateral  dimensioning,  for  both  the  simple  and  complex 
cases,  has  proceeded  forward  from  a prior  dimension  to  a subsequent  dimen- 
sion. In  practice,  the  calculations  are  mostly  done  backward,  starting  from 
tlie  final  part  dimensions.  So  the  formulas  that  result  from  the  analysis  are 
inverted  to  solve  for  prior  dimensions  when  subsequent  ones  are  known. 

With  manual  process  planning  it  is  sometimes  possible  for  the  process 
planner  to  keep  track  mentally  of  all  dimensions  involved  in  calculating 
a prior-to-cut  dimension  and  to  make  the  correct  calculation.  However, 
this  method  is  very  susceptible  to  human  error  and  is  not  well  adapted  to 
step  by  step  checking.  To  remedy  this,  the  process  planner  often  uses  a 
tolerance  chart.  The  tolerance  chart,  shown  in  Figure  36,  records  each 
step  in  dimensioning  and  tolerancing  of  macliining  cuts  on  faces.  On  the 
form  in  the  figure,  the  part  outline  is  sliown  at  the  top,  and  each  face 
has  a vertical  Line  runtiing  down  the  cliart.  In  the  middle  section  of  the 
chart  are  arrows  representing  the  machitiing  cuts  on  faces,  along  witli  tlieir 
operation  number  and  machine  tool.  The  arrowliead  pioints  to  tlie  cut  face, 
and  tlic  dot  is  on  tlie  reference  surface.  At  the  bottom,  the  final  dimen- 
sions from  the  part  print  are  shown.  These  have  dots  at  both  ends,  as  they 
do  not  represent  cuts. 

Figure  il  shows  the  same  tolerance  chart  completely  filled  out. 

Blueprint  dimensions  2H-2T  correspond  exactly  to  cuts  lb-19  and  have  been 
"lifted”  up  to  them.  Dimensions  28-30  are  not  produced  directly  by  a final 
cut  and  must  be  lifted  up  to  balance  lines  12,  lit,  and  10.  (Note  that  cut 
8 corresponds  to  dimension  29  but  cut  13  intervenes  thus  requiring  balance 
line  l-’t.  ) A balance  line  represents  a dimension  calculated  by  adding  or 
subtracting  two  other  cut  or  balance  lines  above  it  in  the  chart.  The 
1 ines  that  are  involved  and  whether  they  are  added  or  subtracted  to  produce 
the  balance  dimension  are  shown  in  the  far  right  column.  For  example, 
balance  lit  is  the  difference  of  cut  13  and  balance  10,  and  balance  10  is 
the  tiifference  between  cuts  6 and  8.  Similarly,  dimension  28  traces  upward 
through  balance  12,  cut  11,  and  cut  8.  Dimension  30  traces  through  balance 
10,  cut  8,  and  cut  6. 

Balance  lines  lit,  12,  and  10  result  from  determining  the  cuts  involved 
in  establishing  the  blueprint  dimensions.  Balance  lines  may  also  be  be 
necessary  to  determine  dimensions  on  nonfinal  cuts  such  as  6 and  3,  whose 
faces  are  finished  in  13  and  11.  The  pair  6 and  13  does  not  need  balance 
lines  as  it  is  the  simple  case  of  the  same  reference  svirface  with  no  inter- 
vening cuts.  The  lines  involved  colvumi  shows  13=6-13  to  indicate  the 
length  of  13  is  the  length  of  6 minus  the  stock  removal  on  13.  Balance  7 
is  needed  to  subtract  cuts  3 and  6 in  calculating  cut  11. 

By  solving  the  "equations"  like  13=6-13  or  ll4=13-10  that  are  implicit 
in  the  lines  involved  column,  it  is  possible  to  calculate  all  int.ermediate 
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workpiece  dimensions.  But  what  about  the  tolerances?  There  are  three  kinds 
of  machining  tolerances.  Tolerances  on  cuts  l6,  17,  l8,  and  19  come 
directly  from  the  blueprint.  Tolerances  on  cuts  6,  8,  11,  and  13  combine  to 
form  blueprint  tolerances  on  dimensions  28,  29,  and  30.  Tolerances  on  cuts 
3 and  U do  not  affect  blueprint  tolerances  at  all  and  can  be  chosen  to 
minimize  machining  cost.  The  restricted  but  not  totally  determined  tolerances, 
then,  are  6,  8,  11,  and  13. 

Tracing  through  the  lines  involved  gives  the  following  three  tolerance 
inequalities  for  solution: 

30:  10-6+8 
29:  ll*  ^ 13  + 6 + 8 
28:  12-11+8 

The  best  solution  is  the  largest  set  of  tolerances  6,  8,  11,  and  13  that 
satisfy  the  inequalities;  but  it  is  less  important  to  have  a large  value 
for  13,  which  is  a grind,  than  for  the  turning  cuts.  The  method  implemented 
by  CPFP  for  solving  the  inequalities  starts  with  fixed  maximum  tolerance 
values  for  grinding  and  for  turning.  Process  planners  must  store  in  the  CPPP 
data  base  values  for  these  tolerances  that  are  loose  enough  to  be  easily 
machined  yet  tight  enough  to  keep  stock  removal  small.  The  process  planners 
also  specify  in  the  CPPP  data  base  a tightest  allowable  tolerance  for  each 
type  of  machining  and  a step  size  by  which  the  trial  values  are  decreased 
from  the  starting  value  toward  the  tightest  allowed  value. 

For  example,  suppose  the  grinding  limits  are  .005-. 001  with  a step  of 
.002;  the  turning  limits  are  .011-. 003  with  a step  of  .00^4;  ajid  the  blue- 
print tolerances  are  .010  for  30,  .010  for  29,  and  .008  for  28.  The  initial 
trial  values  would  be 


30:  .010  - .011  + .011  = .022  (fail) 

29:  .010  - .005  + .011  + .011  = .02?  (fail) 

28:  .008  - .005  + .011  = .0l6  (fail) 

Decreasing  one  step  on  both  grinding  and  turning  gives 


30: 

.010 

> 

.007  + .007 

= .01I4 

(fail) 

29: 

.010 

> 

.003  + .007  + .007 

= .017 

(fail) 

28: 

.008 

> 

.003  + .007 

= .010 

(fail) 
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Decreasing  another  step  gives 


.10: 

.010 

> 

.003 

+ 

.003 

= .006 

(pass ) 

29: 

.010 

.001 

+ 

.003  + .003 

= .007 

(pass ) 

28: 

.008 

> 

.001 

+ 

.003 

= .OOU 

(pass ) 

In  tills  case  the  alporitlmi  has  failed  to  use  tlie  total  tolerance  in  all  cases 
because  of  the  large  step  sizes  in  the  exampile,  but  a solution  was  found. 

If  the  tightest  allowable  values  do  not  result  in  a solution,  something  is 
wrong  and  manual  intervention  is  required  to  improve  the  sequence  of  cuts 
or  the  selection  of  reference  surfaces,  or  else  to  allow  a tighter  tolerance 
val  lie . 

In  the  discussion  above  on  the  tolerance  cliurt,  three  areas  were 
skipped  over  in  order  to  concentrate  on  the  mechanics  of  the  chart.  These 
are  the  selection  of  reference  surfaces  for  each  cut,  the  supplying  of  free 
tolerances,  and  the  determination  stock  removals.  The  selection  of  proper 
reference  surfaces  is  very  important  to  the  procedure  because  poor  reference 
surfaces  can  lead  to  a drastic  increase  in  tolerance  build-up,  i.e. , more 
terms  and  larger  values  in  the  tolerance  inequalities.  The  ideal  situation 
is  to  use  the  blueprint  reference  surface  for  the  cut  reference  when  it  is 
already  finished  and  is  a surface  from  which  it  is  easy  to  locate  and  gauge 
the  cut,  but  that  is  not  the  usual  situation.  Much  work  has  been  directed 
toward  developing  an  algoritlim  to  choose  the  best  reference  surface,  but  the 
initial  implementation  for  CPPP  simply  chooses  the  free,  unchucked  end  of 
the  workpiece. 

It  is  CPPP  philosopliy  not  to  code  into  the  progrfuiis  any  manufacturing 
values,  so  all  toU^rance  and  stock  removal  values  used  by  CPPP  in  tolerance 
charting  and  dimensioning  come  from  the  CPPP  workshop  data  base  as  supiplied 
by  the  process  planning  staff.  In  particular  the  following  values  are  used: 

1.  The  free  tolerance  to  use  when  the  next  cut  is  of  the  same  typie 
(e.g.,  turnitig  followed  by  turning) 

2.  The  free  tolerance  to  use  when  the  next  cut  is  of  a different  type 
(e.g.,  turning  followed  by  grinding) 

The  initial  tolerance  to  use  in  tolerance  inequalities 

h.  Tlie  tightest  tolerance  allowable  in  toleriuice  inequalities 
. The  increment  to  use  for  the  tolerance  inequalities 


ao 


5 


I 
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b.  'Hie  deaiceil  iJhuiietral  mui  liitoral  iiomliml  uiook  removali'. 

7.  Tile  minimum  (letiml  ilifunetral  aiui  lateral  r.toek  removals. 

The  first  six  of  these  are  provided  for  tlu'  maehiiie  classes  (lathes,  ID 
^’ritlders,  lioiies,  etc,);  the  last  is  provided  for  each  specific  machltie  tool. 
Orrr  asstf-uis  t.lie  desired  removal  if  it  is  larj-'c  eiioiif-'h  (or  lar(-’i'i'  than 
necessary).  Otherwise  it  adds  the  minimum  actual  value  to  the  prior  and 
suhscipient  tolerances  t.o  ^’;et  nominal  stock  removal. 

.'.It.i  Machiniiu':  Tapers  and  Contours 

liven  on  parts  whose  surface  can  he  generated  by  revoiving  a section 
around  the  part  centerline,  there  can  be  surfaces  other  than  diameters 
(circular  cylinders)  and  faces  (planes  perpendicular  to  the  cent.er 1 ine ) . 
Among  t.hese  other  surfaces  are  tapers,  clnuiifers,  countersinks,  and  drill 
point. s (all  conii’al  cylinders)  plus  concave  and  convex  radii  and  iiuiri' 
general  cent. ours.  These  are  more  difficult  to  dimension.  Tlu'.v  .art'  also 
more  difficult  to  generate  and  lieiu'c  are  usually  finish  cut.  from  solid 
wlu'iiever  possible.  Wlu'ii  t.hey  are  cut.  imire  than  I'luu',  tlu*  i;tO(-k  removal 
is  geiu'rally  a uniform  band  along  the  cont.oui'.  They  are  usually  dimensioned 
by  gauge  point. s (basic  diiuneter  with  t.oleranced  lal.eral  position  or  basic 
lateral  piisit.ion  with  toleranced  diameter)  oi’  by  a series  of  j'oint.s  on  t.he 
surfavu'  (each  point,  being  a lat.eral  X position  and  a tiijuiiet. i.a  1 or  radial 
Y position). 

The  points  on  a contour  can  be  dimensioned  and  toleranced  much  as  any 
other  point,  except  that  the  change  in  diameter  or  laterai  position  wiii  be 
greater  than  the  stock  removal.  This  is  because  diameters  are  measui-ed 
vertically  and  lateral  positions  horij'.ontnl  ly,  whiaO  the  stock  removal  for 
a (•ont  vMir  is.  itu'ar.ured  neit.her  vert. leal  ly  nor  hor i '/.ont.a  1 ly  but.  perpi  udicular 
t.o  the  contour.  Kor  tapers  and  r.adii  the  resultant  change  can  be  v-a  1 cul .at.ed 
by  Plata'  geimie*  ry  .and  t.r  igonometry . More  general  surf.acer.  require  some  s.oi't. 
of  fiuanula  for  t.lu'  contour. 


Anot  her  coiapl  icating  feature  of  contours  is  that.  th<'y  ch.ange  pos.it  ion 
whei\  their  .adjacent  surf.aces  are  cut.  This  is  to  some  ext.ent.  true  of  simpU'r 
s.urf.ai'es.,  for  ex.ample,  a face  gets  short. er  when  the  disuneter  above  it  is  cut. 
hut  it.  is  vf  no  concern  there  because  t.he  single  dimension  of  inteta-st, 

(the  lat.eral  position  of  i face  or  diametral  value  of  a ditutu't.er)  does  not 
.•hangc-  when  the  ailjacent  surface  is  cut.  A contour  is  often  partially,  or 
i!i  f hi‘  •vase  of  a tapered  sui'face  completely,  determined  by  bot.h  t.he  lat.er.al 
• ; a.  oil  tlanu'tral  vahie  of  it.s  int.ersections  wit.h  i l.s.  neighbors.  I’or 
• • , 'rc-.fef  .are  .>ft..n  .1  imi'iis. ionevl  by  widt.h  aiui  height.,  and  wlu'never 
.t'l  ••n’  ''a.’e  .<r  tl;imeter  is  m.ai'hined  the  chamfer  get.s  shorter. 
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Tlio  CPFP  system  now  in  the  demonstration  phase  has  concentrated  on 
usitiR  stored  process  lO{-;ic  to  determine  operations  in  tiie  initial  plannitif.’; 
cycle.  Piubstantial  work  has  been  done  on  the  remainder  of  the  system,  but 
the  dimensioning  and  toJeranciiif';  areas  are  not  yet  complete.  While  the 
tolerance  chart. inf':  code  works  for  faces  and  iliameters,  it  is  still  in  i.he 
process  of  beiiit-';  ext. ended  to  tapered  surfaces  and  contours. 

Stock  Growth  and  Distortion  Processes 


it  is  known  that  there  are  operations  such  as  plat.inf;,  coatinr,,  aiui 
hardcoat  ini’  ii>  which  t he  entire  part  surface  f'rows  outward  by  some  unifin'in 
amount.  This  f^rowth  has  a process  tolerance  J\ist  as  each  cut  has  a 
machitiiiif':  tolerance.  However,  CPPP  is  not  yet  equipj'ed  t.o  dimension  mul 
tolerance  stock  t';rowth  operations.  It,  is  also  not  equipped  to  refifture 
tolei’ances  aft.er  si  res-s  relief  ai>d  other  processes  that,  result,  in  pai't.  dis- 
tortion Init,  have  no  predict;ible  ciia(u:e  in  nominal  dimensions.  These  are 
.'ireas  for  futiire  work  followinp,  the  addition  of  t.apers  and  contours  l.t)  t.he 
t.olerance  chiirtinf’  subsystem. 


P.h  Man-Machiiu*  Communi cations 

Fully  aut.omat.ed  process  plannin(’  for  the  full  spectrum  of  machined  parts 
is  beyond  the  eapabilit.y  of  curi'ont.  technoUipy  — juui  will  remain  so  for  years 
It  is  flu’refore  neeessary  th.at.  a computer i '.’.ed  process  planninp,  system  offer  a 
convenient,  effective  means  of  human  ovei'sipht  .'ind  intervention.  'I'his  sect.ii'ti 
describes  t.lu'  CPPP  capability  for  man-machine  communication.  Appendix  H pi  ves 
detailed  doi'umettt  ati  on  and  i 1 1 ustT'at.i  ons  of  GPPP's  intei-act  i cMi  cap.'ib  i 1 i ti  es  . 

P . S . I The  I’rocess  Planning  Tormit\r.l 

'n\o  GPPP  ciimmunieat  ion  medium  is  a low  cc'c.t  t.ei'minal  with  1 i ne-dr.'iwi  up 
anci  text  capabilities  that  <';in  b»'  located  aw;i,v  from  the  computer  in  the  proct'S 
planninp,  ;vrea.  (T’PP  has  been  desiptu'd  so  th.'it,  no  computer  s.ki'l;'.  are  reqviired 
for  the  priH’css  planner  t.o  operate  the  r.yst.c'm  and  process  planr.inp,  as  seen 
by  the  usi’r  at  the  t.ermin.'il,  propresses  in  a familiar  manner.  Part  sketches, 
are  heavily  \ised  to  communicfite  the  status,  .'ind  propress  of  planninp.  Gomimini- 
c.at  ion  is  convers;ition.'it  . Hesponse  t.ii  \is.('r  input  rtutpes.  from  almost  inst.anta- 
noous  to  ,'i  few  sec<nids.  if  ;idequate  i'omp\i1cr  s\ippe>rt  is  pi'ovided.  Iteveral 
levels  of  i nteract.i .•'n  are  .'iva i 1 .-ib I <'  --  the  [>ro('oss  pl.-iiuier  can  c-lioose  a..nonp 
these  .'iceordinp  to  the  compl  et.enes.s  and  correc  t,i>t'ss  of  tlie  manufact  uri  np  xintn 
base,  his  confidence  in  I'PPP,  and  his  »iwn  work  habits. 

The  tiermirml  is  coni\ected  to  a p.eiu'ral  purpose  eomp\iter  sys.tem  on  whieh 
GPPP  i implemented.  In  r<'s.pons('  t.o  direct  iisis  input  at  the  termin.'il,  tiu' 
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computer  system  accesses  data  in  the  manufacturing  data  base,  uses  this  data 
to  execvite  CPPP  code,  transmits  graphic  displays  which  inform  the  process 
planner  of  the  status  of  planning  and  options  available  to  him,  and  stores  the 
process  plan  data  that  are  generated.  CPPP  is  currently  implemented  for 
TFKTRONIX  Uoo6,  hOlO,  >*012,  and  I4OIU  graphic  terminals.  These  may  be  connected 
to  the  computer  by  voice-grade  (telephone  or  intercom)  Hnes  or  by  more  spe- 
ciali7.ed  lines.  The  terminal  may  be  very  close  to  or  distant  from  the  com- 
puter. 


2,5.2  CPPP  Modes  of  Operation 

-[-he  process  planner  can  choose  among  three  CPPP  modes  of  operation  wh3  ch 
offer  different  degrees  of  user  involvement.  Confidence  in  the  CPPP  data 
base,  especially  process  decision  models,  will  usually  determine  the  desired 

mode . 


'llie  highest  level  of  automation  is  fully  automatic  process  planning.  In 
this  mode  CPPP  uses  coded  manufacturing  rules,  other  manufacturing  data,  and 
part  designs  to  generate  complete  process  plans  without  human  intervention 
Most  obviously,  this  level  is  used  to  prepare  process  plans  when  there  is  fu 
conficence  in  the  system.  When  confidence  is  less  than  total,  it  may  be 
practical  to  use  this  mode  to  generate  a "first  pass"  plan  which  can  be^ 
studied  before  generating  a final  plan  and  also  for  miike-or-buy , producihi 1 1 ty , 
and  cost  estimating  studies. 


If  the  data  base  is  somewhat  less  than  complete  or  there  is  not  full 
confidence  in  its  correctness,  semiautomatic  process  planning  is  appropriate. 
In  this  mode,  process  planning  is  performed  by  CPPP  with  the  user  overseeing 
and,  to  the  extent  desired,  modifying  the  plan  as  it  is  developed.  The  user 
may  select  the  degree  of  supervision  he  wishes  to  exercise  by  specifying  the 
points  at  which  he  desires  to  interact  with  the  system.  (See  the  discussion 

of  interaction  points  below.) 


Wlien  process  decision  models  are  unavailable  or  the  process  planner 
wishes  to  investigate  radically  different  processes,  interactive  process 
planning  may  he  used.  In  this  mode  the  user  supplies  the  sequence  ol  opera- 
tions, after  which  the  system  helps  to  provide  a detailed  plan  for  each 
operation.  As  with  the  semiautomatic  mode,  various  degrees  of  interaction 

are  available. 


2.5.3  Interaction  Points 

There  are  fifteen  major  points  where  the  user  can  interact  with  CPPP.  To 
describe  the  role  of  these  interaction  points,  a skeletal  review  of  the  sys- 
tem’s processing  is  appropriate.  Figure  38  gives  a high  level  view.  The 
process  plarmer  initiates  a CPPP  session  by  entering  basic  data  and  ins  ,ru  - 


83 


FIGURE  38.  OVERVII-:W  OF  CPPP 


tions.  A sequence  of  operations  is  then  produced  (Section  2.2).  For  eacli 
operation,  operation  type,  machine  class (es)  or  particular  macliine  tool,  setup 
orientation,  and  surfaces  to  be  affected  are  determined. 

When  the  sequence  of  operations  is  complete,  each  operation  is  planned  in 
detail  (Section  2.3).  Alternative  machine  tools  are  identified.  F'or  each 
machine  tool  , alternative  cut  sequences  are  generated.  I’or  each  cut.  in  each 
sequence,  alternative  tooling  is  identified.  The  operation  is  then  planned 
for  various  tooling  combinations,  with  time  and  cost  calculated.  The  best 
tooling  combination  for  each  cut  sequence,  then  the  best  cut  sequence  for  eacli 
machine,  then  the  best  machine  for  the  operation  are  cliosen.  Ihe  detailed 
plan  for  that  operation  is  then  stored  and  the  ne.xt  operation  attacked  in  the 
Sfime  manner.  Once  all  operations  have  been  planned  in  detail,  the  process 
plan  is  complete  and  the  planning  session  is  terminated. 

IVo  interaction  points  occ\ir  in  CPPP  initiation  (Figure  39). 

1.  Initiate  Method  of  Process  Planning.  The  process  planner  enters  his  name, 
part  number,  and  the  tiesired  method  of  process  planning.  In  the  present 
system  he  may  choose  to  generate  a new  plan,  either  by  using  process 
decision  rules  or  by  defining  operations  manually.  Restmiption  of  a par- 
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tially  completed  plan  or  editing  of  a completed  plan  could  be  offered  in 
the  future. 

2.  Initiate  Startup  Data  for  a New  Plan.  The  process  planner  gives  lot  sise 
and  the  economic  criterion  to  be  used  for  decision  making  (cost  or  time). 
He  selects  the  interaction  points  he  wishes  to  use  and  the  operations  for 
which  he  wishes  interaction. 


FU11'R1':39.  INTEKACTJON  POINTS  IN  CPPP  INITIATION 


Three  interaction  points  are  available  in  planning  the  sequence  of  opera 

tions  ( Figure  *40  ) . 

4.  Accept/Modi  fy  Oienerated  Operation.  The  data  and  workpiece  sketch  of  an 
operation  generated  by  a pi'ooess  decision  model  are  displayed.  The  user 
may  modify  the  operation  in  several  ways:  adding  or  removing,  siirfaces/' 
features,  changing  the  machine  classics)  to  be  considered,  changing  the 
setup  orientation,  etc.  'ITie  operation  nuvy  also  be  entirely  re.iected. 

1*.  Interactively  Pefine  Operation.  A process  plannei-  can  use  this  inter- 
action point  to  ilefine  a sequence  of  operations  without  using  a proi'ess 
decision  model.  Ihe  user  would  speci  ()y  the  type  of  operation,  machine 
tool  or  machine  tool  class,  and  surfaces  to  be  cut  in  a znetal  removal 
operation.  This  method  of  operation  v'ould  continue  until  a full  sequenc 
of  operations  had  been  pecified. 

5.  Accept/Moill  fy  Seq\ience  of  Operat  ions.  The  sequence  of  operations  can  be 
reviewed  at  this  interaction  point.  Tlie  process  plmmer  has  several 
options  available:  delete  an  operation,  add  an  operation,  modilV  an 
operation,  or  accept  the  sequence  of  operations. 
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FIGURK  ItO.  INTKRACTTON  POINTS  IN  PLANNING  SKQUKNCE  OF  OPF.HATJONS. 

If  operations  are  generated  by  process  decision  rules, 

(a)  is  applicable.  Interactive  planning  is  shown  in  (bK 

Detailed  platininp  of  operations  offers  a number  of  opportunities  for 

interaction  by  the  process  planner  (Figure tl  )• 

6.  Accept/Modi  fV  Machine  Tool  Candidates.  The  process  planner  may  specil’y 
additions  or  deletions  to  the  mad  Ine  tool  candidates  selected  by  CPPP 
for  possible  use  in  an  operation. 

7.  Accept/Modi  ly  Cut  Sequence  Candidates.  'Ilie  ciuididate  cut  sequences 
selected  by  CPPP  to  remove  stock  in  an  operation  are  disphwed.  'llie 
user  may  add  or  delete  candidate  sequences. 

8.  Accept/Modi  ly  Cutting  Tool  Cat\di  dates.  'Hie  candidate  cutting  tools  (or 
tool  types)  selected  by  CPPP  for  each  cut  are  displayed.  Tools  may  be 
deleted  or  new  ones  specified. 

o.  Accept /Modi  ty  Machining  Data.  Machining  data  (e.g,.,  depth  of  cut,  number 

of  cuts,  feed,  speed,  time,  tool  life,  tool  material,  horsepower)  deter- 
mined for  each  type  of  cut  and  tool  are  displayed. 
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10.  Accept/Modi Selected  Tool  Combination.  The  combination  of  cutting 
tools  selected  by  CPPP  for  a candidate  cut  sequence  may  be  changed. 

n . Aocept/Modi fV  Selected  Cut  Sequence.  The  cut  sequence  selected  by  CPPP 
for  a candidate  machine  tool  may  be  changed. 

12.  Accept/Modi fV  Selected  Machine  Tool.  The  machine  tool  selected  by  CPPP 
for  an  operation  may  be  changed. 

13.  Accept/Modi fy  Detailed  Operation  Plan.  Tlie  detailed  plan  for  an  opera- 
tion is  displayed,  identifying  the  chosen  machine  tool,  cut  sequence,  and 
tools.  The  process  planner  has  the  option  to  accept  the  operation  as 
planned  or  replan  the  operation  with  full  interaction. 

1^.  Accept/Modi fy  Final  Process  Plan  Data.  The  entire  process  pl;ui  can  be 
reviewed  in  detail  at  the  terminal  before  it  is  printed  by  CPPP.  The 
process  planner  has  few  options  at  this  point  in  the  present  system. 
Pnhancements  can  be  added  in  the  future  that  will  enable  a process 
planner  to  selectively  add,  delete  or  modify  operations. 

Termination  of  a CPPP  session  involves  a single  interaction  point. 

IS.  Terminate  Process  Planning  Session.  The  process  planner  has  the  option 
to  request,  the  type  of  process  planning  documentation  to  be  produced  by 
CPPP.  It  can  be  the  seq\ience  of  operations  (summary  sheet),  operation 
sheets,  or  both. 

2.  S . Levels  of  Interaction 


Most  of  the  interaction  points  described  above  arc  optional.  The  process 
planner  may  choose  whether  to  review  and  accept/modi fy  the  CPPP  decision  wiiich 
precedes  each  interaction  point.  If  he  elects  interaction,  a graphic  displfiy 
is  shown  which  exhibits  the  decision  and  offers  options  for  viewing,  additional 
data  and  modifying  or  changing  the  decision.  If  not,  tfie  display  is  by-passed 
!Uid  CPPP  proceeds  without  interaction. 

The  interaction  points  associated  wif.h  initiating  and  terminating  a pro- 
cess planning  session  (1,2  and  lb)  are  not  optional.  Interaction  at  these 
points  is  required  to  oper-ate  I'PPP.  If  ful  ly  automafeii  plajining  is  requested 
no  other  interaction  points  are  used.  Interaction  point  li  is  mandatory  if 
the  interactive  process  planning  m(.)de  is  requested,  {it.herwise,  t.he  process 
planner  may  choose  whatever  combination  of  the  remaining  points  ( 3,  5 tlu'ougli 
ih)  he  desires. 


ail 
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3-0  BENEFIT  ANALYSIS 


Analysis  of  the  benefits  of  computerized  production  process  planning  was 
performed  as  three  tasks.  First,  benefits  to  metalcutting  industry  in  general 
were  analyzed.  In  this  effort,  alternative  computer  capabilities  were  con- 
sidered. The  second  analysis  was  a case  study  of  benefits  of  the  demonstra- 
tion CPPP  system  to  the  Hamilton  Standard  Division  of  United  Technologies 
Corporation.  Third,  benefits  of  CPPP  were  projected  to  industry  producing  Army 
missile  components  and  other  defense  items. 


3.1  General  Industry  Benefits^ 

A survey  was  mailed  to  153  metalcutting  companies.  Data  on  process 
planning  methods,  associated  costs,  and  the  expected  savings/costs  of  comput- 
erized process  planning  were  requested.  The  response  to  the  survey  was  used 
as  the  basis  for  an  analysis  of  benefits  of  the  technology. 

3.1.1  Industry  Survey 

The  survey  consisted  of  three  sections.  The  first  section  described  the 
purpose  of  the  survey  and  provided  definitions  needed  to  complete  it.  The 
second  section  requested  information  which  would  characterize  the  company,  its 
products,  and  other  relevant  parameters — process  planning  methods  and  costs, 
current  and  planned  usage  of  computer  aids  to  process  planning,  machining 
costs,  tooling  costs,  etc.  In  the  third  section,  three  different  levels  of 
process  planning  automation  (Systems  1,  2 and  3)  were  described.  Each  company 
was  asked  to  estimate  benefits  over  manual  process  planning,  implementation 
costs,  operating  and  maintenance  costs,  and  obstacles  to  implementation  for 
each  system. 

System  1 provides  a capability  to  retrieve  process  plans  using  part 
classification  coding  or  group  technology.  The  system  also  helps  produce 
process  plan  documentation.  Every  machined  part  is  assigned  a code  number 
which  classifies  its  geometry  and  machining  requirements.  The  code  is  used  to 
access  computer-maintained  data  files  that  can  be  examined  by  a process  plan- 
ner to  ascertain  whether  the  process  plan  of  a given  part  is  current l.y  avail- 
able, can  be  prepared  by  modifying  an  existing  process  plan  for  a similar  part, 
or  must  be  created  from  scratch.  The  planner  uses  the  information  uncovered 
when  manually  producing  a process  plan  for  the  part.  Once  the  process  plan  is 
manually  prepared,  the  machining  and  other  process  steps  are  coded  into  the 
computer  by  keypunch  operators.  The  computer  produces  hard  copy  documents  for 
the  shop . 

^The  work  reported  in  this  section  was  largely  performed  by  the  IIT  Research 
Institute. 
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System  2 offers  the  capabilities  of  System  1 plus  interactive  modification 
of  existing  plans,  automatic  determination  of  machining  parameters  (feed,  speed, 
etc.)  and  times,  and  automatic  documentation  (without  workpiece  sketches).  It 
contains  a computerized  data  base  which  allows  the  retrieval  of  lists  of  parts 
belonging  to  the  same  part  family,  standard  process  plans  for  a particular 
family  and  process  plans  for  an  existing  part  number. 

System  3 provides  semi-automatic  process  planning  with  computer  generation 
of  operations.  This  system  is  considerably  different  from  the  previous  systems 
in  several  respects.  One  of  the  major  differences  is  that  it  has  a generative 
process  planning  capability.  The  system  contains  decision  logic  concerning 
process  planning.  It  can  produce  most  or  all  of  the  process  plan  for  a specific 
part  witliout  relying  on  modification  of  a standard  process  plan  for  a similar 
part.  (However,  this  system  could  also  operate  in  the  same  mode  as  System  2. ) 
System  3 has  an  extensive  data  base  containing  process  decision  logic,  machine 
data,  tooling  data,  and  machinability  data.  The  process  planner  may  use  a 
graphic  terminal  to  review  and  modify  the  system's  planning.  Documentation  is 
automatically  produced. 

3.1.2  Response  to  Survey 

Twenty-one  companies  responded  to  the  survey  (Table  3 ).  Four  are  missile 
prime  contractors  or  subcontractors,  eight  are  nonmissile  aerospace  companies 
and  nine  are  nonaerospace. 

TABLE  3 . COMPANIES  RESPONDING  TO  GENERAL  INDUSTRY  SURVEY 

ACF  Industries,  WKM  Valve  Div. 

Beckman  Instruments 
Bell  Helicopter 

Boeing  Commercial  Airplane  Ccmpany 
Borg-Warner 
Deere  & Ccwipany 
Fairchild  Republic 
General  Dynamics,  Pomona  Div. 

Giddings  & Lewis  Machine  Tool 
The  Gillette  Co. 

Hughes  Aircraft 
International  Harvester 
Lockheed-Georgia 
Locklieed  Missile  St  Space 

Midland-Ross  Corp. , Surface  Combustion  Div. 

Sundstrand  Aviation,  Div.  of  Sundstrand  Corp. 

United  Technologies,  Chemical  Systems  Div. 

United  Technologies,  Hamilton  Standard 

United  Technologies,  Sikorsky  Aircraft 

Vought  Corporation,  Michigan  Div. 

Westinghouse  Electric  Corp. , Large  Turbine  Div. 
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survey  reciue*«  “ ^ned  part-  cost  of 

rr/on  - "‘cjTndfica^ 

,is  portion.  Abo 


CYUNDR'CAL  ^^j_,j^OR\CAL 


OF  PRODUCT  VALUE 

rrs 

^ Partial  shadi  g 

lot  sitas  a»<l  ° (S«,cylin 

. „.  »ere  M'ta'*  "’“"’’"its  tor  cylin'*''"’^’-  others 

Several  questio  ^arize  J^^^tiy  To^  '^'^^^^l°parts  are 

'■‘‘^""rt,  d“«of =r“as;:“S  Se  ih 

iscussad  ha  typiaal  P“^  „„  to  "“^XsXlar  lota  than 

respondents  generally 

Aerospace  re  v 
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OVER  1000 


LOT  SIZE  DISTRIBUTION 


OVER  10 


FIC.URE  Ml.  NUMBER  OF  LOTS  PER  YFJVR  FOR  A PART 
Some  responses  did  not  total  to 
100^  because  parts  not  made  in  a 
year  were  included. 


Tlie  survey  requested  estimates  of  the  portion  of  mnnufacturi np  costa 
for  parts  produced  in-house  which  were  attributable  to  process  planning,  direct 
labor,  material,  tooling,  scrap  and  rework,  and  overhead  and  profit.  Ttie 
average  responses  ai’e  shown  in  Figure  I15.  Hiere  was  considerable  variation  in 
responses  to  this  question.  Process  planning  costs  were  generally  higher  for 
missile  and  other  aerospace  manufacturers  than  for  nonaerospace  companies. 


15% 

I "s'  ' 
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FIGURE  !t5.  BREAKDOWN  OF  VJVNUFACTURING  COST 
FOR  MACHINED  PARTS.  The  chart 
shows  average  response  to  the 
general  industry  survey. 

Process  plan  preparation  can  be  divided  into  three  activities : planning 
for  a new  part,  modification  of  existing  plans,  and  planning  for  study  purposes 
(cost  estimates,  raake/buy  studies,  producibility  analyses).  Table  U shows 
relative  frequency  and  costs  for  the  three  activities.  The  survey  showed 
that  aerospace  manufacturers  expend  a larger  portion  of  process  planning  costs 
for  studies  (20  percent  vs.  5 piercent  for  nonaerospace  companies). 


TABLE  U . TYPES  OF  PROCESS  PLANS  AND  THEIR  COSTS 


Type 

Frequency 

Average 

Cost 

Plan  for  New  Part 

39 

$^402 

Modified  Plan 

39^ 

$l66 

Study  Plan 

22% 

$1214 

A t'uiu'tional  brejikdown  of  costs  for  new  process  plans  was  also  requested 
in  the  survey.  The  averafte  response  is  shown  in  Figure  1*6.  Costs  are  well 
distributed  ovei-  the  various  functions.  Determination  of  operation  sequences 
and  pi’epai'at  ion  of  operation  sheets  are  the  costliest  activities. 


DETERMINE  \ 
TIME  STANDARDS 

V 


DETERMINE  OPERATION 
SEQUENCES 
122%) 


ANALYZE  \ 
TOLERANCES 
(5%) 


SELECT  MACHINE 
AND  EQUIPMENT 
(7%) 


PREPARE  ROUTING  SHEETS 
19%) 


SELECT  TOOLING,  GAGES,  ETC. 
V (11%) 


PREPARE  TOOL 
ORDERS 
(0%) 


DETERMINE  ' 
PROCESSING 
^PARAMETERS 
\ (9%) 


PREPARE  operation  SHEETS 
(16%) 


PREAKDCl'm  OF  PROCESS  PIANNING  COSTS  K^R  : 
Tlie  sum  of  the  component  costs  is  less  t' 
some  respondents  included  other  function; 


1 early  indicate  that  industry  is  receptive 
Many  respondents  are  currently  using  some 
..iority  Eiaid  they  plan  to  introduce  new  aid 
■lies  in  t.ho  next  two  years. 


The  responses  to  the  survey  c 
to  computeriv.ed  process  planning, 
form  of  computer  a.ssistance.  A ma 
or  increase  the  scope  of  current  o 
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The  average  estimated  cost  savings  for  the  systems  are  shovm  in»Table  5 
The  potential  savings  for  each  system  are  significant.  System  1,  the  least 

sophisticated  from  a technological  standpoint,  had  the  smallest  potential  I 

savings.  Systems  2 and  3 showed  increasing  savings  potential,  in  keeping  ! 

with  their  greater  capabilities. 

I 

I 

TABLE  5.  POTENTIAL  COST  SAVINGS  FOR  CPPP  SYSTEMS 


1 

Cost  Area 

System  1 

System  2 

System  3 

Process  Planning 

28% 

39% 

58^ 

Material 

3% 

3% 

h% 

Direct  Labor 

5% 

1% 

10% 

Scrap  & Rework 

I4  % 

6% 

10% 

Tooling 

5% 

1% 

12% 

Work  in  Process 

2% 

li  %t 

6% 

The  savings  estimates  of  Table  5 and  the  cost  breakdown  of  Figure 
were  merged  to  calculate  estimated  savings  in  overall  fabrication  costs.  The 
projected  savings  were  U.3  percent,  6.5  percent,  and  9.6  percent  for  Systems 
1,  2 and  3,  respectively  (Figure  hj).  It  should  be  noted  that  the  calculation 
assumed  no  impact  on  overhead  costs.  In  practice,  reductions  in  nonoverhead 
costs  should  be  accompanied  by  some  reduction  in  overhead  costs. 

The  average  estimated  costs  to  install  and  maintain  the  systems  are  shown 
in  Table  6 . Most  companies  felt  that  hardware  such  as  interactive  terminals 
and  interface  equipment  would  be  required  for  Systems  2 and  3;  however,  it 
was  apparent  that  costs  for  complete  computer  installations  had  also  been 
included  in  some  responses.  Therefore,  average  hardware  costs  were  much  higher 
than  anticipated.  In  all  cases,  as  the  systems  became  more  complex  and  power- 
ful, the  implementation  and  maintenance  costs  increased. 

The  impact  of  the  three  systems  in  less  tangible  areas  was  also  evaluated. 
In  the  first  survey,  the  companies  were  asked  to  rate  each  system  on  a scale 
from  -2  to  +2,  with  -2  implying  a significant  negative  impact  and  +2  a signi- 
ficant positive  impact.  The  average  responses  for  each  system  are  shown  in 
Table  T . Each  system  showed  a favorable  impact  in  all  areas.  The  most 


95 
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TABLE  7.  IMPACT  OF  COMPUTERIZED  PROCESS 
PIANNING  IN  INTANGIBLE  ARFX’. 


Avera^o  Raiikiat- 


System  1 

System  2 

System  3 

Production  Leadtime 

0.86 

1.30 

l.itY 

Process  Planning  Leadtime 

1 . 2I4 

1 .55 

1 .89 

Machine  Utilization 

0.57 

0.85 

i.!*l 

Product  Quality 

O.SB 

O.I15 

0.79 

Direct  Labor  Utilization 

O.JtB 

().li5 

1 .00 

Uniformity  of  Process  Plans 

l.ltB 

1 .70 

1 .89 

Cost  Estimating  Procetlures 

1 .lit 

1.32 

1 .79 

Make/Buy  Decisions 

0.76 

1 .56 

1 . 13 

Product  Standardization 

0.81 

1.16 

1.33 

Critical  Labor  Skills 

0.20 

0.37 

o.yb 

Material  Standardization 

0.57 

0.68 

0.89 

Producibility  of  Parts 

0.55 

0.65 

1 .11 

Plant  Layout 

0.1i3 

0.65 

O.BIt 

Material  Hatidling 

0.62 

0.79 

1 .06 

Production  Scheduling 

0.80 

0.95 

1.37 

Capacity  Planning 

0.80 



1 .00 

1 . 37 

•Ranked  on  a scale  of  -2  to  +2,  where  -2  = sif^nil'icant  noKative 
impact,  -1  = slight  negative  impact,  0 = no  cliange,  +1  = sligh 
improvement,  +2  = significant  improvement. 
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H . 1 . < Benefit.  Aimlyr.ir, 

Cent  benefit  iinalynen  were  eomivicteil  ^lnin^',  a li  i neeunteii  vnuil!  fl<iw  iirhIj-I  . 
'I’tie  analyses  were  for  a t.en-yoar  period  and  t.ook  int.o  I’onsiderat  ion  imple- 
mentation eosts,  reeurrinp:  cost.s  and  naviiif-ts,  A lO  percent  (i  i sconnt  i np,  rate 
was  used.  The  model  also  assumed  a ItH  percent  corporate  tax  I'ate,  a Y percent 
investiiuuit  lax  creilit  and  depreciation  of  hardware'  costs  by  t.ht'  sum-of-t,he- 
years-dipi  t.s  metiK'd.  Annual  cash  flows,  ret.urn  on  investment,  benel’i  t.-to- 
cost  rat  io  attd  years  to  payback  were  computed. 

A sensitivity  analysis  was  performed  by  independently  varyinp  each  ('f 
1 i'  input  varialdes  by  +10  percent  and  -10  pei’cent,.  The  impact.  i>f  t,hes<'  chanpe 
on  I'cnet’i  t -l.o-v.'ost  ratio,  years  t,c>  payl)ai'k  and  la't.tirn  oi\  invest. mt'ul  was  then 
computed  t.o  det.ermiiK’  those  I'act.orc.  wliich  have  tlu'  larp<'st  impact  on 
cconom  i c pt'i'  formance  . 

The  res-ponse  t.o  the  dat.a  c.urvey  was  used  to  define  l.liree  "model" 
manui'at'l  ur-i  np  en  v i ronment  s.  for  benefit  analysis.  The  model  companies  were 
dt'fined  in  It'rms.  t'f  annual  product,  value,  fabr  i cat.  i ini  cost  bia'akdown,  and 
depree  ol'  part  s.  i mi  1 ar  i t.y  . The  three  are  descript.i  vely  t.ei’med  (l)  a small 
manu  fact.u  rer  with  hiph  part  r.  i mi  1 ar  i t.y  , (C)  a mod  i um-s  i '.’.e  manufact.urer  wit.li 
I’aii’part.  similarity  and  (l)  a larpe  manul'act.urer  with  hipli  pact,  similarity. 
Tablt'  8 p.ives  the  definitions  of  the  thta'e  environments.  The  three  environ- 
menl.s  weiv'  extrai-ted  from  t.hi'  survey  response  by  an  informal  cMic.terinp, 
piaicess.  In  t his  ptatcess,  some  ol'  the  data  provideii  by  a few  rc.'.pon.lcnl weia' 
not  used  iiecause  they  were  clearly  unia'alistic  and/or  failed  cross-checks 
built  into  the  survey.  For  exJUiiple,  t.wo  rec.pvMidcnt  ta'port.i'd  overhead  costs 
to  be  '.’.ere  and  two  pave  estimates  of  process  planninp  cost.s  that  appi-ared 
unrealistically  hiph  and  were  incompatible  wit.h  other  answers,  tli.-y  pavt'. 
I'omparison  of  the  cost  breakdown  in  Fipure  with  tlie  definitions  of  'table  8 
stiows  t}j<'  effect  of  not  usinp  a small  fraction  of  the  survey  data. 

The  costs  to  install  ami  maint.ain  the  systems,  and  the  potent  i.al  cost 
rediiction  t'act.ors  weta'  estimated  for  each  ot’  the  t.hree  manufact  ur  i np  scemarios 
The  cost  la'duct.  ion  fact.ors  use.!  in  t lu'  aii.alyses.  .'ire  p.iven  in  'l’;ible  d . Thesi' 
ai'e  in  close  ;ipreement  with,  but  not.  identical  t.o,  the  respi'iis.e  to  the  s.urvey 
(Table  ■>  ).  The  small  .lifferences.  between  the  two  reflect,  t.he  Cont.racf.or ' s. 
assessment  of  t.he  three  systems. 


The  survey  .lid  not.  reques.t  a detailed  impli'inenl  at  ion  plan  t'or  each 
system.  Furthermore,  the  respondent, s ' es.I.imates  of  total  impl  ement  iit  i on  and 
maintenance  costs  varied  preatly.  Tlu'refore,  the  cost.s  of  i mp  1 ement,  i np  fin.i 
m.aintaininp  tin'  systems  and  the  rat.i'  at  which  the  ull.imate  benefits  ol'  Table 
()  could  be  achieved  were  based  on  the  Contractor's  .ludpment..  No  software 
■ levelopment.  or  purchase  cost.s  were  included  in  the  analysi;!.  It  was  .'issumed 


R7Y-91^2625-14 


TAHLE  8,  TYPR;  OF  MAJJIIFACTURERO  U8ED  IN  HENEKIT  ANALYSIS 

The  parimeterr.  below  were  used  Tor  both  cylindrical 
and  noncyl indrical  cash  flow  analyses. 


Type  of  Manufacturer 


rarnmeter 

Small /Highly 
Similar  Parts 

Medium/Fai rly 
Sinii  Lar  Parts 

I, arpie /Highly 
Similar  Parts 

Annual  Value  of 

$5  Million 

$10  Mil  lion 

$50  Mi  1 ! ion 

Pai-ts  Produced 

Work  in  Process  Inventory 

$2.5  Million 

$ 6 Million 

$25  Million 

Parts  Impacted  by  System 

90% 

80% 

90% 

(by  Dollar  Value) 

I'i’ocess  Planning  Costs 

h% 

5% 

1% 

Direct  Labor  Costs 

P'f% 

20% 

Sc i-ap  and  Rework  Costs 

?% 

2% 

Toolinf,  Costs 

7% 

Y% 

5% 

Mat.erial  Costs 

15% 

15% 

20% 

Overhead  and  Fee 

1*5% 

50% 

i*5% 

System  1 

maa 

^ 

Systi-m  1 

Process  Planning 

25% 

)|0% 

c 

Direct  Labor 

5% 

.jct 

1 A* 

10% 

Scrap  and  Rework 

.1% 

6% 

10% 

Toollnf.! 

5% 

Y% 

15% 

Material 

3% 

3% 

Work  in  Process  Inventory 

!<% 

1*% 

that  software  wouhi  be  provided  without  cost.  Hardware  costs  for  terminals 
printers  and  interfacing’,  equipment  were  included.  Co.sta  for  computer  usa*.’e 
were  based  on  chai>:es  for  time  used  rather  than  the  purchase  of  computer 
syst  oms . 


Thirty-six  analyses  were  performed.  For  each  type  ol'  manufacturer  and 
f(.)r  the  compos  i I e of  companies  responding  to  the  survey,  benefits  were  cal- 
culated foi'  t'ach  system  and  for  cylindrical  and  noncy  1 indrical  parts.  F.aoh 
cylindi’ical  analysis  was  performed  for  two  rates  of  attaining  benefits,  the 
second  usually  more  optimistic  than  the  I’ii-st.  Table  10  gives  the  result. s 
v)f  the  original  analyses.  Hesults  of  the  second  set  of  analyses,  perfoi-mod 
for  cylindrical  pai’ts,  are  shown  in  i'able  11. 


TAHI.K  10. 


lUlMMAKY  OF  CAOH  Ki.OW  ANAl.Yf.li;  HKlUII.Tll 
FOH  TWKNTY-FOIIH  OHUllNAh  OASKO 


Maiiufact  uror 


I.arge  Oise 
(High  Part 
P'i  mi  1 ari  ty  ) 


Medium  Oise 
( Fa  i r i\'i  i-t 
Oiimi  1 ari  ty  ) 


Omall  Oi'/.e 
(High  I’art 
O'imi  lari  (y ) 


Oompos i t e 


Parts 


Cyl 


Non-cy 1 


Cy  1 


Non-cy 1 


Cyl 


Non-cy 1 


Cyl 


Non-cy 1 


Oy stem 


1 

1 

o 


Return  on 
1 nvestment 


190 

llM 

101 

l.^'O 

101 


Net  Present 
Value 


P(-,U% 

$2li8ltK 

19  1 

ill  00 

ICY 

liOOO 

nh  1 1 

' OYOO 

200  j 

i860 

110 

1i817 

10t> 

188 

6 > ' 

!|I.Y 

18 

It  07 

100 

179 

61 

li08 

29 

lliS 

1 15 

OSli 

6o 

11  s 

18 

281 

IPli 

260 

SO 

lit) 

10 

26  1 

ibOS 

PCSl 

1191 

9S1 
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TARLE  11.  OF  CAOII  FLOW  ANALYOIO  REOULTO  FOR 

THE  TOELVE  ADDITIONAL  CARED.  Theae  luialysfs 
wert'  por t'oi'ttUHl  foi-  ouch  oyl  in.ii-ical  oar.r  \iuliif.': 
ail  alternative,  luiually  more  opt  imiatie , rate  of 
att  aininp,  lienel'i  t a . 


■ ■ t 

Ret  urn  on 

Nt't  Present 

Manufacturer 

Ry  st.em 

1 iiveat  nient 

Val  111' 
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Henel'its  are  clearly  {treater  when  voluiiu-  ot'  IniaiiK'aa  aiui  part  aimilarity 
are  {treater.  The  large  manul'actarer  with  high  part  similarity  receives  the 
largest  benefits.  This  tends  to  verit'y  the  intuitive  opinion  that  volume  of 
business  and  part  similarity  are  important  eeonomie  factors.  Pairwise  com- 
paria.v'ti  of  t lie  mod  i iim 'a  iin  i 1 ar  and  ama  1 1 Mii  {thl  y similar  cases  does  not.  indicat 
which  ot’  thes.e  I’av’tora  is  nuu’e  important.  In  ai'iiii'  i-aaes.,  the  mod  i um/a  i mi  ' ar 
company  roi’oivos.  I'roater  benefits.  In  others,  the  rovoi'so  is  true.  lu'sults 
t’or  the  three  scenarios  are  compared  in  Fi{',ure  liR. 

Comparison  of  the  three  ayat.i'ma  yields  mi.Ked  results.  Ri't.iirn  lUi  invest- 
ment generally  deciaaiaes  as  system  soph  i at.  i cat  ion  grows.  On  the  other  hand, 
the  eumulative  present,  value  after  ten  yeiira  geiu'rally  increast's  with  systtaii 
sophist  icat  ion  . RysttMii  I yields  the  greatest  return  lUi  invc'stment  in  all 
situations,  while  i'>ystem  i pi’ovides  the  lat'i'.eat  cumulativt'  pia'sent  valiu'. 
Figure  1|Q  illustrates  these  trends. 

The  more  sophi  sti  cat.ed  systems  reipiiia'  {treater  i mpl  t'ment  at  i on  coats  lait 
ultim.ately  yield  greater  absolute  savings.  However,  the  incia'mental  saxin/ts 
of  the  more  sophistical  oii  savings  are  smaller  in  proportion  to  the  invest- 
ment laaiuired.  The  fact  tlmt  discounting  places  more  weight  on  early 
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NET  PRESENT  VALUE  RETURN  ON  INVESTMENT 


HIGH  FAIR  HIGH  HIGH  FAIR  HIGH 

SIMILARITY  SIMILARITY  SIMILARITY  SIMILARITY  SIMILARITY  SIMILARITY 

KIGURh:  U8,  DKl'RNDKtJCt:  OF  BRNFFITS  ON  MACHINING  VOLUMK  AND  I'AKT 
SIMILARITY.  Eai'h  bur  shows  average  results  for 
the  nine  analyses  performed  for  the  manufacturing, 
envi ronment . 


NET  PRESENT  VALUE  RETURN  ON  INVESTMENT 


FIGURE  I19.  RESULTS  OF  CASH  FLOW  ANALYSES  FOR 
COMPOSITE  OF  RESPONDING  COMI'ANIES 
The  graphs  above  are  for  cylindrical 
parts,  using  the  average  of  the  two 
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itivt'i'.t  moiU  I'osts  HtK<  loss  woif-Tht  on  Istor  v-ost  sfiviiif-is  t t'luls  to  Ttivor  t lio 
loss  sophi  st  toiit  okI  systoms.  Those  romnrks  lomi  to  tliroo  rurthor  ol'soi'vst  ions : 

1.  Tlk'  ostimntoil  usot'nl  1 i !'o  oi'  tho  systems  is  impv'i't  tint  . 

i.';i lonl at  ioi\s  for  otioli  system  nssiimoT  n ton-yodi’  life.  The 
more'  soph  i St  i eat  Oil  systems  will  yioKi  p.reatei-  saving, s 
v'ver  a lonper  time  pt'rioT. 

The  liisovMint  faetor  is  important.  A 1 ow<m’  f.aetor  wonl>t 
tenvi  to  Oiiu.a  1 i '.••e  investment  eost  s an^l  saviiij^s.  The  appeal 
of  a more  oostly,  more  eapaMe  system  woviKl  be  forester 
uiaier  tliese  e i renmst  ai\ees  . 

t.  When  returi^  on  investment  anT  present  vahie  ooiifliot, 

estt'rnal  faetA'ia;  mu.st  be  weipluvi.  r.apita!  av;i  i 1 abi  1 i t y , 
risk  an^i  the  promise  ol'  other  pott'ntial  investments  ai-t' 
eri  t ie.al  . 

Tb.e  viata  aiui  analyses  report  wvi  alvive  sn^>:est  t liat  eomput  t'r-a  i Teh 
proot's-s  planninp  is  eeonomieally  promi  s i np . liowevei-,  t lie  reaaer  is  e.aut  ione.i 
th.at  the  an.alysi';'  wi'ia'  pert\'rmevi  for  general  i '.•.eT  manufaet  ur  i iif';  s- i t uat  ions  , 
isinp,  data  obtained  by  survey  and  tb.e  Judf-^meiit  of  the  I'ont  r.aot  or . Kxpi'oted 
beiK'fits  for  any  part  ieular  eompany  must  be  determined  as  a funetion  of  that 
eomp.any's  own  operations  an.i  environment. 


Wase  t’'tudy  of  i,'!'!'!'  Itenefits 

Results  v>t'  a study  of  I'l'l'l'  benefits  for  the  H.'Uiiilton  ;tt,andard  bivisivai 
ol'  Unite. i Ti'ohnolop, ies  Corporation  are  presented  below,  ilamilton  tMandard 
has  partieipated  in  the  vi<nelo{vtient  of  I'l'l'l'  sinet'  Id, 'It,  aeipiirin,^  .an  uiuier- 
standin^■;  of  the  systi'm's  eapatii  1 it  ies  and  its  potent  ial  savin^ts  and  eosts.. 

The  v'ompany  is  .a  sis.al'le  m.annf.aet  urer  ol"  maehined  parts  for  aireraft  systems 
sueh  .as  fuel  eontrols,  environmental  eontrol  systems,  .and  .aetu.ator  eontrols. 
Cylindrie.al  p.arts  .aeeount  for  approximately  !t0  pereent  of  m.aehininft  eosts. 

Kstinmtes  v'f  eosts  and  savinp.s  were  made  for  two  Cl’i’r  e.apabl  I i t i es . Th<' 
t’irst  is  the  basie  Crt'l'  system  demonst  rat  ed  under  the  present  eont  met  . The 
sev'ond  is  a mort'  .advatieed  system  i nev'rivrat  in(<  t lie  improvenu'nt  s listed  below. 
An  analysis  of  the  seeond  sysft'm  was  done  to  show  the  benefits  .aehiev.able 
throujth  eontlnued  development  oi"  the  teehno lo^y.’ . 

1.  Complete  dimensioninn  and  tA’lerfuieiiif;  of  maehined  p.arts 
Complete  proeessiiift  of  noneyl  indr  ie.al  features 

'tIu-  Hiunilton  Standard  Plvi.sion  of  United  TeehnoU^fties  Corporat  ion  partiei- 
pated in  the  work  reported  in  this  seetion. 


I 
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Selection  of  standard  procedures 
. Selection  of  specific  cutter  tools 
b-  O.'ilculation  of  standaj'd  times  and  costs 
0.  Selection  of  holdinit  and  inspection  tools 
Advanced  machining  iinalysis 

Figure  SO  shows  the  average  cost  breakdown  for  manufactvu'ing  macliined 
parts,  iirrr  is  estimated  to  have  a direct  cost  reduction  impact  on  three  of 
the  cost  compi,'nent  s shown:  process  planning,  direct  labor,  and  tooling. 
I’hese  compv'nents  account  for  i percent  of  production  cost. 


FioURK  ‘>0.  OOgT  HRKAKIXIWN  FOK  tUCHlNKP  FAKT  MjINUFACTUKING 


Mamial  process  planning  for  cylindrical  parts  Siuiipled  in  the  stvtdy 
reij  iired  an  average  ^.■'f  10’*  manhours.  (This  includes  the  setting  oi  st.andarvi 
times  and  costs.)  Figure  M shows  a breakotit  of  this  total  by  function.  The 
impact  of  OfTi'  on  each  futict  ion  was  evahiated  to  yield  tlie  labor  reqtii rements 
given  in  Table  IF  . The  basic  OFFP  capability  is  estimated  to  reduce  labor 
for  a new  pl.an  by  perv'ent  to  6l.5  manhours.  The  l.abor  red'ii rement  is 

cst  im.ated  to  be  Fl.^'  hours  using  the  advanced  CIT'F,  a Td  percent  saving. 
Figure  S.''  i llustrates  these  totals. 
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FIGURE  51.  LABOR  REQUIREMENTS  FOR  MANUAL  PROCESS 
PLANNING.  (Niombers  show  manhours.) 


TABLE  12  . CPPP  IMPACT  ON  PROCESS  PIANNING 


1 

1 Activity  j 

— • • 1 

Manual 

Demonst ration 

CPPP 

1 

Advanced  CPPP 

; 1 
, Drnwiui'  review 

8 manhours 

5 nvinliours 

5 manhours 

■ Dt'tennine  operation  sequence 

8 

1 <’t'lect  machines 

8 

3 

1 

1 Tolerance  analysis 
! Determine  process  parameters, 

10 

10 

4 ; 

1 

j prepare  operation  sheets 

29 

iJ» 

3 

Produce  summary  sheets 

3 

0.5 

0.5 

Select  tooling,  gaging 

16 

lU 

3 

i Clerical  tasks 

S 

8 

2 

1 Determine  standards 

8 

8 

0 

C. 

I 


lOi* 


manhours 


63.5  manhours 


21 . 5>  manhours 


' I 


Total 


DEMONSTRATION  ADVANCED  CPPP 
CPPP 


MANUAL 


The  process  standardization  resultinf:  from  use  of  CPPP  is  expected  to 
yield  sif'.ni  f icant  reductions  in  machining  costs.  Operational  experience  with 
the  system  is  needed  before  these  savings  can  be  quantified  with  confidence. 

It  is  currently  estimated  that  a 2 percent  to  7 percent  reduction  in  machine 
operator  labor  will  be  obtained  from  the  demonstration  CPPP  system. 

The  enhanced  CPPP  system  offers  additional  savings  in  the  shop. 
Optimization  of  the  machining  process  is  expected  to  increase  operator  savings 
to  between  5 percent  and  15  percent.  The  tool  selection  capability  will 
yield  savings  due  to  st andardization,  and  machining  optimization  will  result  in 
longer  tool  life.  Savings  from  standarization  and  reduced  cutter  consumption 
are  estimated  at  1 percent  to  10  percent  of  costs  for  cutting  tools.  Figure 
53  illustrates  CPPP  savings  In  the  shop. 

Recurring  costs  for  computer  use,  system  maintenance,  and  data  base 
maintenance  will  partially  offset  the  savings  discussed  above.  Average  com- 
puter costs  for  a process  plan  are  estimated  at  $105  for  the  demonstration 
CPPP  and  $155  for  the  advanced  system.  Maintenance  of  CPPP  programming  and 
the  large  data  base  will  require  programmer /analyst  labor,  process  engineer 
labor,  and  computer  usage.  Table  13  shows  the  expected  level  of  effort. 

It  should  be  emphasized  that  those  figures  do  not  include  the  substantial 
effort  required  to  install  CPPP  and  build  the  necessary  data  base. 
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DEMONSTRATION 

CPPP 


ADVANCED  CPPP 


5%  - 15% 


LABOR  LABOR 


FIGURE  53 . ESTIMATED  CITP  SAVINGS  IN  SHOP  FABRICATION 
Estimates  were  expressed  as  ranges.  Dark 
shading  represents  the  lower  end  of  the  range 
light  shading,  the  upper. 


TABLE  13.  ESTIMATED  ANNUAL  EFFORT  FOR  CPPP  MAINTENANCE. 


System  Engineers 
Process  Engineers 
Computer  Use 


Demonstration  CPPP 
1/3  manye.ar 
l/h  many ear 
$3,000 


Advanced  CPPP 
] manyear 
11/2  manyear 
$6,000 
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The  recurring  costs  and  savings  presented  above  were  reduced  to  dollars 
using  1977  rates  and  volume  of  business  . Net  annual  recurring  savings, 
which  do  not  include  implementation  costs,  were  calculated  using  the  mean  of 
the  range  for  shop  savings.  This  yielded  an  estimate  of  $ll*5,000  yearly 
savings  for  the  demonstration  system  and  $350,000  for  the  advanced  CPPP 
(Figures!*). 


S400K 


100 


300  h- 


200 


DEMONSTRATION 

CPPP 


ADVANCED  CPPP 


FIGURE  51*  . ESTIMATES  OF  NET  ANNUAL  RECURRING 
SAVINGS  FROM  CPPP.  These  savings 
were  calculated  using  the  means  of  the 
ranges  estimated  for  shop  cost  reductions. 


A manufacturer  implementing  CPPP  will  incur  significant  costs  in 
installing  the  system  and,  especially,  in  developing  the  necessary  data 
base.  Gome  training  of  personnel  will  be  required.  Terminals  will  probably 
be  purchased.  Table  1 1*  gives  estimates  of  the  implementation  effort.  For 
both  the  demonstration  and  enhanced  systems,  the  implementation  cost  is 
slightly  greater  than  a single  year',  estimated  savings  as  shown  in  Figure  5!*. 


10  R 
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TABLE  iJi  . CPPP  IMPLEMENTATION  COST  ESTIMATE’. 


Demonstration 

CPPP 

Enhanced 

CPPP 

Process  Engineers 

3-3/-’s  manyears 

9-1/2  manyears 

System  Engineers 

1/2  manyear 

3 mwiyears 

Computer  Use 

$7,000 

$28,000 

Terminals 

$15,000 

$15,000 

Dol’enae  liuiustry  !iml  (loveriimeiit  A^'ctu'y  Heiierits' 

A tht ’-'e-step  estimation  of  CPPl'  benefits  to  defense  iniiustry  anci  fiovern- 
ment  ttf;enoies  is  reporteii  below.  First,  industry  opinion  on  the  pot.entiaJ 
economic  impact  of  the  system  was  surveyed.  Next,  an  analysis  of  CPl’P  impact 
on  defense  ii'.dustry  was  developed.  This  took  the  form  of  cash  flow  analyses 
for  three  hypothetical  manufacturers  of  cylindrical  parts.  Fijially,  the 
results  of  the  defense  industry  analysis  were  used  to  project  savings  in  three 
procurement  areas  — Army  missiles,  total  Army  equipment,  and  Department  of 
Defense  equipment. 

3.3.1  Survey  and  Response 

The  survey  was  mailed  to  150  companies.  The  mailing  list  consisted  of 
defense  suppliers  who  received  the  general  industry  survey  plus  additional 
companies  named  by  the  Missile  Oommand.  The  survey  described  the  capabi lit.ies 
of  CPiT  and  requested  data  on  manufacturing  costs  for  machined  cylindrical 
parts.  Estimates  of  t.he  impact  of  CPIT  on  fabrication  of  cylindrical  parts 
were  solicited;  cost  savings,  intangible  benefits,  local  implementation 
costs  and  recurring  costs.  (The  survey  is  shown  in  Appendix  H.) 

Thirteen  companies  responded  to  the  survey  (Table  15K  Five  indicated 
they  supply  prod\icts  for  Army  missiles  and  rockets,  three  are  suppliers  of 
other  Army  equipment  and  all  thirteen  manufacture  products  for  other 
Department  of  Defense  agencies. 


I 


i 


I 

I 

i 


^The  work  reported  in  this  section  was  largely  performed  by  the  I IT  Research 
Institute. 
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TABLE  1 5 . COMPANIES  RESPONDING  TO  DEFENSE  INDUSTRY  SURVEY 


Avco-Lycoming 

General  Dynamics,  Pomona  Div. 

Grumman  Aerospace 
Locklieed  California 
Lockheed  Georgia 
Lockheed  Missiles  and  Space 
McDonnell  Douglas  Astronautics 
Rockwell  International 
Rockwell  International,  B-1 
Systron  Conner 

United  Technologies,  Chemical  Systems  Div. 
(Tnitod  Technologies,  Sikorsky  Aircraft 
West  i ngliouse 


The  annual  value  of  machined  cylindrical  parts  produced  by  these  companies 
averaged  over  $5  million.  Process  planning  costs  for  cylindrical  parts 
averaged  $168,000  per  year.  Three  of  the  companies  use  some  form  of  computer 
aid  in  process  planning. 

The  survey  requested  anticipated  savings,  implementation  costs  and 
maintenance  costs  of  CPPP  for  the  addressees'  manufacturing  operations. 

Table  I6  gives  average  responses.  The  average  reduction  in  overall  manu- 
facturing costs  (including  process  planning)  was  estimated  at  9.h  percent. 
Process  planning  cost  savings  were  estimated  to  be  37. 5 percent.  Based  on  the 
average  manufacturing  and  process  planning  costs  reported  by  the  surveyed 
companies,  the  estimated  cost  redui-tions  from  CPPP  would  yield  savings  of 
$it88,000  in  manufacturing  costs,  including  $63,000  in  process  planning. 

Annvial  recurring  costs  were  estimated  at  $50,000,  offsetting  the  annua] 


TABLE  16.  AVERAGE  SAVINGS  AND  COSTS  ESTIMATES 
FROM  DEFENSE  INDUSTRY  SURVEY 


Annual  Savings  - - Overall 

(Process  Planning) 

Annual  Maintenance  Costs 

Installation  Costs  — Hardware 

Data  Base  and 
Training 


9A%  = $1*88,000 
(37.5?  = $ 63,000) 

$ 50,000 

$116,000 

$162,000 
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savings  by  approximately  10  percent.  Installation  of  CPPP  was  estimated  to 
requi re  10. U months  and  $162,000.  This  effort  includes  system  installation 
and  testing,  initial  data  base  construction , and  training  of  personnel. 

An  average  of  $116,000  worth  of  new  computer  hardware  was  felt  to  be  needed. 
Responses  to  this  question  varied  radically.  Some  respondents  apparently 
felt  they  would  need  larger  computer  installations  to  use  the  system. 

In  order  to  identify  specific  benefits,  the  survey  listed  several  areas 
in  which  CPPP  was  felt  to  have  a potential  impact.  Addressees  were  asked 
to  check  those  items  for  which  CPPP  offers  a major  positive  advantage. 

Table  17  shows  responses.  The  majority  of  the  companies  felt  that  CPPP 
offers  major  benefits  in  manufacturing  costs,  production  lead  time,  produc- 
tion scheduling,,  process  plan  uniformity,  and  cost  estimation.  Almost  half 
felt  that  machine  and  direct  labor  utilization  would  improve  signi ficantly . 
(The  Contractor  feels  there  will  be  major  advantages  in  these  two  areas.) 


Hach  company  was  also  asked  to  identify  possible  obstacles  to  CPPP 
implementation.  Economic  Justi  I'ication  and  the  establishment  of  initial 
viata  bases  were  most  often  cited.  Management  conunitment  and  three  items 
pertaining  to  the  needed  technical  effort  (interfacing  with  existing  systems, 
testing  and  debugging,  system  complexity  and  reliability)  were  checked  by 
about  half  of  the  respondents. 

i . 3 . P Benefits  to  Defense  Industry 

Cost  benefit  analyses  were  performed  using  the  cash  flow  model  described 
in  3. 1.3. The  three  manufacturing  environments  defined  in  3.1.3  were  analyzed 
for  two  CPPP  capabilities.  The  first  is  the  demonstration  CPPP.  The  second 
is  the  advanced  version  described  in  )4.0.  Inputs  to  the  model  (installation 
costs,  recurring  cost,  savings  factors,  process  plan  turnover  rate,  etc.) 
were  estimated  by  the  Contractor.  Responses  to  the  defense  industry  survey 
plus  the  Contractor's  judgment  were  the  primary  determinants  of  input  values. 
(It  should  be  noted  that  the  CPPP  system  described  in  the  survey  is  an  inter- 
mevlinte  capability,  more  advanced  than  the  demonstration  CPPP  but  less  capable 
than  the  enhanced  system.)  A complete  listing  of  inputs  for  each  analysis  is 
given  in  Appendix  il.  Table  l8  shows  the  cost  reduction  factors  used  for  the 
major  cost  areas  treated.  These  are  the  ultimate  snvitigs  achieved  after  CPPP 
is  fully  operational. 

The  cash  flow  analyses  yielded  good  economic  performance  in  every 
case.  Pigures  85  t^nd  56  show  results  in  terms  of  benefit. -to-cost  ratios  and 
net  present  value.  Evaluation  of  results  with  respect  to  manufactur ing 
environment  and  system  sophistication  leads  to  the  Sfune  conci\isiona 
reached  in  the  general  industry  analysis.  Benefits  are  greater  as  manu- 
facturing volume  and  part  similarity  increase.  The  analysis  does  not 
show  which  of  these  two  factors  is  more  important.  The  more  capable  system 
yields  greater  dollar  savings.  The  smaller  investment  required  for  the 
less  capable  system  results  in  quicker  payback  and  higher  beneflts-to- 
cost  ratio. 


Ill 
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TABLE  IT.  RESPONSES  TO  THE  QUESTION;  WILL  CPPP 
HAVE  MAJOR  ADVANTAGES  IN  THIS  ARPJV? 


Area 

More  Unit’orm  Process  Plans 

92^ 

Reilncecl  Production  Leadtime 

'11% 

Reduced  Manul'acturinf,  Costs 

69% 

Improved  Prodiictioti  Schedul  I rit' 

' 62% 

1 

Improved  Cost  Estimatinf;  Procedures 

9h% 

Increased  Machine  Utilization 

U6% 

Increased  Direct  Labor  Utilization 

h6% 

Improved  Capacity  Plannins 

UG'/j 

Reduced  Critical  Labor  Skills 

385 

Improved  Product  Quality 

38r 

Better  Make/Buy  Decisions 

235 

Increased  Product  Standardization 

2^% 

Improved  Producibi  1 ity  of’  Parts 

235 

Better  Material  Handlinjt 

235 

Better  Plant  Layout 

ib5 

Improved  Raw  Material  Standardization 

cc 

SMALL,  MEDIUM.  LARGE, 

HIGH  FAIR  HIGH 

similarity  similarity  SIMILARITY 


LARGE. 

HIGH 


MEDIUM, 

FAIR 


SMALL. 

HIGH 


SIMILARITY  SIMILARITY  SIMILARITY 


DEMONSTRATION  CPPP 


ADVANCED  CPPP 
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FIGURE  56 . ESTIMATED  DISCOUNTED  CUMULATIVE  NET  PRESENT 

VALUE  OF  CPPP  TO  DEFENSE  COMPANIES  FOR  A TEN 
YFJVR  PERIOD. 
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FIGURE  55.  ESTIMATED  CPPP  RENEFIT-TO-COST  RATIOS  FOR 
DEFENSE  COMPANIES  FOR  A TEN  YFIAR  PERIOD. 
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TABLK  18.  C08T  REDUCTION  FACTORS  USFJ^  IN  DEFENSE 
INDUSTRY  CASH  FLOW  ANALYSES 


Demonstration 

CITT' 

Advanced 

CIT’P 

Process  PI  .•intiitif,; 

liOt 

80:' 

Dirci't,  L.'ibor  (Machine  Operat.ora) 

r.y 

<* 

io': 

8c rap  atui  Rework 

b'.” 

lOj 

Toki  1 itp-; 

1- ^ 

lb? 

Mat  or i a 1 

■1''. 

Wkirk  in  Process  inventory 

Ip: 

It  slK'iilvi  bo  i\oteU  that  the  aualyais  above  in  nnbjeet  to  t tie  s!u:ie 
iiiu’i'ft.a  i tit  ien  mentioned  i ti  ,1.1.  It.  in  pet' I’orweii  I'oe  "typieal"  iiiaiuil'iu't.ufiiif.' 
nitvuitiotin  and  baned  on  tlie  Judi’imeat  ot’  eomptinien  renpi'iid  i nc:  to  t lie  nut'v<\v 
ntul  tlu'  Coiitfaet.of.  Estimation  of  I'enefitn  to  any  pai-tieulai-  defenne  nuppliei- 
laHiuires  eanei'nl  conni  dentit  i on  of  CFFi'';;  eapabilitien  in  nelalion  to  that 
eompany  ' n oponat.  ionn . 

1.  1.  1 DefeniU'  Afteney  jtenefit.n 

Cl'i'F  lu'nefit.n  were  pro.leeted  tv-i  defenne  afieneien  an.  inp,  t.lie  annumpt  ion  t hat 
vli'ft'tine  niipj'liern'  navinp.n  and  eont.n  are  panned  alonp,  to  proeurinp  apeneien. 
i'a'iiefitn  were  estimated  in  ttirei'  proi’urement  !ua\an;  Ariib'  minS'ilen,  overall 
AriT\v  equipment.,  and  Dt'part.i’u'nt.  of  Det'enne  equipment.  |iineounte<i  eanh  flow 
analynen  for  the  period  FY'i'8  t.hroup.h  FY87  were  pi'rformed.  Input:-,  tv-i  the  analy- 

nen  wet-'  drawn  from  the  defetine  industry  analyses  of  1.  supplemented  by 

ni’eeiinary  eotit  raet.or  en- 1 imtit.i's . 

Three  atrilysen,  offeritpt  three  diftY'rent  point.;;  of  view,  were  perfortiu'vi. 
TIh'  first  shows,  ClT'D's  full  i-.avinp.s  pot.etit  ial  . i'roeuremetU.  savitip.s  wer<' 
ealeulatt'd  ass.umitp':  U;;e  of  t lu'  sysli'in  by  all  defetine  iiuppliers.  A seeotid 
analysis  w.-is  performoki , tin  i tp:  fi  realistie  pro.jt'et  ion  ot'  Cl'i'F  iisaf'e  by  indus-lry. 
In  both  of  fliest'  analyses,  it.  was  assiuiu'd  that  the  full  investment  w;is  made 
iby  ituiividu.'il  defense  s.itpp  I i t'fs ) at  the  st.-irt  of  the  time  perik'd  :ind  tluit 
full  benefits  were  reali-.-.ed  immediately.  This  is  a ei'mitK'ti  tav'tie  fiU-  ,'ivi'id- 
i tp':  ptv'b  1 emat.  ik'.al  est.imates  cif  investment,  and  benefit,  phasitp:.  These  issues 
were  addressed  in  t.he  third  analysis.  An  ituiust.ry  implementation  si'liedule 
wa;:  es.t  imated  and  used  in  the  etisli  fU'w  analysis. 
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The  CPPP  system  is  currently  applicable  only  to  machined  cylindrical 
parts.  It  wasj  therefore,  necessary  to  estimate  procurement  costs  for  these 
parts.  These  were  estimated  as  the  product  of  two  factors:  (1)  total  proc\ire- 
ment  budget  and  (2)  the  percentage  attributable  to  machined  cylindrical  parts. 

To  estimate  total  procurement  costs,  actual  and  projected  procurement 
budgets  published  by  the  Office  of  Management  and  Budget  were  obtained.  After 
considering  the  trends  of  the  197^  through  1978  budgets,  it  was  decided  that  an 
annual  increase  of  approximately  10  percent  could  be  expected.  Hence,  procure- 
ment costs  for  1979  through  1987  were  estimated  using  1978  as  a base  year  and  a 
10  percent  increase  factor.  The  1978  base  estimates  were  $657  million  for  Army 
missiles,  $6,342  billion  for  all  Army  equipment,  and  $35,143  billion  for  Depart' 
ment  of  Defense  equipment . 

Very  few  data  were  available  on  the  portion  of  procurement  costs  attribu- 
table to  machined  cylindrical  parts.  In  the  general  industry  survey  discussed 
in  Section  3.1,  companies  were  asked  to  estimate  the  value  of  machined  cylin- 
drical parts  as  a fraction  of  total  product  value.  The  average  response  for 
missile  contractors  was  12.1  percent.  In  a case  study  presented  at  the  Missile 
Manufacturing  Technology  Conference  in  1975,  machined  parts  (including  non- 
cylindrical)  accounted  for  l4  percent  of  the  standard  hours  for  production  of  a 
missile.  From  this  evidence,  it  was  estimated  that  machined  cylindrical  parts 
represent  10  percent  of  Army  missile  procurement  costs.  Cylindrical  component 
costs  for  overall  Army  and  Department  of  Defense  procurement  were  extrapolated 
from  the  estimate  for  missiles.  Machined  cylindrical  parts  are  clearly  a 
smaller  portion  of  costs  in  many  major  procurement  areas  of  these  agencies  — 
ammunition,  weapons,  tracked  vehicles,  ships,  etc.  Hence,  it  was  estimated 
that  5 percent  of  Army  and  Department  of  Defense  procurement  is  attributable 
to  cylindrical  parts. 

The  investment  required  of  defense  suppliers  implementing  CPPP  and  the  re- 
sulting benefits  were  derived  from  the  analyses  for  ''model"  defense  manufac- 
turers. For  the  demonstration  CPPP,  implementation  costs  for  the  three 
companies  averaged  1.30^  of  annual  costs  for  cylindrical  part  fabrication.  The 
corresponding  figure  for  the  advanced  system  was  2.99^^*  Net  savings,  with  full 
system  utilization,  were  'i.Vjio  for  the  demonstration  CPPP  and  5.45%  for  the 
advanced  capability. 

Cash  flow  analyses  were  performed  using  the  parameters  above  and  assuming 
use  of  CPPP  by  all  defense  manufacturers.  The  results,  shown  in  Table  I9,  give 
an  estimate  of  CPPP's  potential  to  reduce  procurement  costs. 


I- 

Peterson,  R.S.:  An  Approach  to  Long  Range  Cost  Effectiveness,  Proceedings 
of  the  U.S.  Army  Material  Command  Missile  Manufacturing  Conference,  1975. 
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TABLE  19.  PROaiRlMENT  COST  SAVINGS  POTENTIAI,  OF  CPPP. 

These  savings  estimates  were  calculated  for 
FYTB  through  FY87,  assuming  full  use  of 
CPPP  by  defense  suppliers. 


Demons t rat  i on  CPPI' 

Advanced  CIT’P 

Undi seount  ed 
(fi  Millions) 

Di seount  ed 
($  Mill  ions ) 

Undiscount.ed 
(t-  Millions) 

Di  scount.ed 
($  Millions) 

Arr\v 

(Mir.si  les) 

11. 110 

18.878 

bb.lOl 

31.176 

A rry 

r'‘'-.0Yi 

01 .1  lb 

lbS.0);0 

lib. 10b 

Ot'parf  neiit 
o!'  Pet'eiu'-e 

8so . 10'|- 

SO  It.  00 1 

1 It  7 1. 70.1 

8bO.Slil 

The  s:une  method  was  used  for  a second  analysis,  except  that  a projection 
of  CPPI’  xise  by  defense  industry  was  factored  into  tlie  calculations.  Such  an 
<’st  imate  is,  of  course,  higlily  jiul^mient al . The  survey  response  shows  a favor- 
able opinion  of  the  system's  saving;s  pot.ential.  There  are,  hov;ever,  many 
obstacles  t.o  widespread  adopdion  of  a single  system.  Ttie  willingness  of  suit- 
able organ ir.at  ions  to  commercialize  the  system  (i.e.,  m;ike  it  publicly  avail- 
able and  provide  marketing  and  usei’  support  ',  future  enhanctments  llinded  by 
industry  or  government  , and  tlie  success  of  alt.ernative  syst  ems  are  important 
factors.  Ur.e  of  t tie  syst.em  by  ISf-  of  defense  industry  was  felt  to  be  a 
reasonable  estimate.  I'se  of  ttiis  factor  resulted  in  the  savings  estimates  of 
Table  10. 

TABLE  10.  EITIMATM)  PROCimmKNT  COST  SAVTNOG  FRCiM  CPPP. 

Tliese  savings  were  calculat.ed  for  IT??  throU|.tti 
FY87,  assuming  that  1^-  of  defense  industry 
uses  tlie  system. 


Detiu'n:'' 

t rat  ion  t'PDD 

Advanei 

'd  crri' 

Agency 

Dial  i r-eount  t'd 
($  Mi  i 1 iivis) 

Di seount  ed 
( $ Millions) 

Dnd.  i seotint.oii 
(:*•'  Mill  ions) 

Diseotint  ed 
{ $ Mi  1 1 i ons ) 

Arr^' 

{ Mir.s  i les  ) 

It.  810 

1.8  11 

8.2b5 

It.  8l(. 

A rmy 

1 1. It'l 

1 l.et'8 

30.801 

11.  lot 

Depart  nn'nt 
of  Di'fe'nrt' 

1 18. 8os 

'I'b  . 7 It-i 

111  .0'D> 

110.081 

1 It- 


i 


j 
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In  the  third  analysis  of  defense  procurement  benefits,  time-phased  realiza- 
tion of  savin^TS  was  considered.  There  are  two  time  factors  that  affect  the 
achievement  of  procurement  savings.  First,  adoption  of  the  CFFP  system  by 
defense  industry  would  occur  over  a period  of  time.  Second,  cost  reductions 
obtained  by  an  individual  defense  sui^plier  are  dependent  on  the  amoiint  of  time 
elapseii  since  that  companj'  started  implementation.  Tliese  two  factors  were 
quantified  by  projecting  a schedule  of  CITP  adoption  by  industry  and  by  deriv- 
ing time-dependent  company  savings  factors  from  the  analysis  of  j.3.2. 

Estimation  of  an  industry'  implementation  schedule  was,  of  course,  highly 
j\idgmental.  It  was  felt  that  (l)  implementation  before  FY79  is  unlikely,  (2) 
ultimate  ur.e  of  PPPP  by  about  IS  percent  of  defense  machining  industry  is  a 
reasonable  projection,  and  (3)  implementation  will  occur,  at  an  increasing 
rate,  over  several  years.  This  rationale  yielded  the  schedule  shown  in 
Table  PI. 


TABLE  21. 


PHIVECTEP  DEFENCE  TNnUPTRY  IMI'LEMENTATION  OF  CPPP. 
Fig\ires  show  industry  using  CPPl'  as  a peiventage,  by 
dollar  value,  of  machined  cylindrical  paid,  procurement. 


Fiscal  Year 

New  Implementation 

Cumulative  Implementation 

1070 

1^ 

1 080 

1081 

3a. 

5% 

1082 

5? 

10% 

1083 

5? 

15? 

The  indust.ry  analysis  described  in  3.3.2  and  Tables  HI  - Hl8  was  used  to 
quantify-  OlTl'  impact  on  compar\v  costs  as  a function  of  time.  E’or  the  demon- 
stration and  tlie  advanced  CPPP  capabilities,  a cost  impact  factor  was  derived 
for  each  year  after  start  of  implementation.  This  factor  is  the  average,  for 
the  three  model  companies  considered  in  3.3.2,  of  the  before  taxes  impact  on 
the  companies'  costs  for  t.hat  year.  For  example,  in  the  fifth  year  after 
start  of  implementation,  before  t.axes  savings  due  to  the  demonstration  CPPP 
were  $1,186,000,  $225,000,  and  $123,000  for  the  three  model  companies  (Tables 
H2,  H5,  and  H8).  Tliese  arc  2.37  percent,  2.25  percent,  and  2.ii6  percent  of 
total  costs.  Hence,  a reduction  factor  of  2.36  percent,  was  estimated  in  t.he 
cost  of  parts  procured  from  companies  in  the  fifth  year  after  implementing  t.he 
demonstration  CPPt  system.  Table  22  shows  the  factors  derived  in  this  manner. 
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Year 

Demonstration  CPPP 

Advanced  CPPP 

1 

+ .Td'^ 

+ i.oT!?: 

) 

+ 1 . 60% 

- .%% 

+ .?u% 

-l.P6e 

- 1 .6^1% 

h 

-P.  16? 

- l.olj'? 

6 

-.1.15^ 

- !:.dl.8 

i,8,  etc. 

-,l.i‘37- 

- 

Tho  i nnl t'mtMit at  ion  sctiodiile  ol'  'I’aiile  PI  and  t he  time-dependent  eont 
etian.’e  faetor:;  ot'  Table  PP  were  used  to  ]iro,lect  procurement,  savinftri  for  KY'fd 
throujth  KY87.  Oavinpc.  foi-  each  year  were  calculated  by  t.he  formula 


where 

P'  = savin, in  c.y  I iiuirical  {>art  procurement,  in  a pnicuremimt.  area 

(Army  miaailea,  overall  Army  equipment,  or  Pejiar  t men!  of  Pefenc.e 
equ  i pment. ) 

r = ec.timati'd  coat  (before  CI'I’P  impact.)  of  cylindrical  part  procurement 


N 


I' 


N 


number  of  yt'ara  aiitce  atari  of  Cl’l'P  implementation 

t h('  fKirtion  of  indur.try  in  the  n'*'  year  of  uaitip  CPPP  (Table  PI  ^ 

the  coat  chaiptt'  factor  foi*  industry  in  the  n'*'  .year  of  uain/t  CI'P)' 
(Table  ?P) 


Tall  I e P3  ahowc, 
curoment  area. 


total  aavitifts  for  the  period  for  each  CPPl'  capability  and  pro- 
Tablea  Hid  - llpH  pive  details  of  each  analysis. 
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TABLE  23.  PROJECTED  SAVINGS  IN  DEFENSE  PROCUREMENT  USING 
ESTIMATED  SCHEDULE  FOR  CPPP  IMPLEMENTATION 
BY  INDUSTRY.  These  savings  for  the  period  FY78  - 
FY87  were  calculated  using  the  industry  imple- 
mentation schedule  of  Table  21  and  the  phased 
cost  changes  of  Table  22. 


Demonstration  CPPP 


Advanced  CPF 


Agency 

j Undiscounted 
($  Million) 

Discounted 
($  Million) 

Undiscounted 
($  Million) 

Discounted 
($  Million) 

Army 

(Missiles ) 

I.I463 

.627 

1 

1.97>+ 

.801 

Army 

7.065 

3.027 

9.526 

3.863 

Department  of 
Defense 

1 

39.1!^7 

16.773 

52.785 

21.1+01+ 

There  is  a striking  difference  between  the  results  in  Table  20  and  those 
in  Table  23.  This  is  primarily  due  to  the  short  period  of  system  usefulness 
implicit  in  the  latter  analysis.  In  that  analysis,  the  average  period  of  CPPP 
implementation  and  use  is  only  six  years.  In  the  first  two  or  three  of  these 
years,  implementation  costs  exceed  savings.  Hence,  there  are  only  three  or 
four  years  during  which  savings  are  obtained.  In  the  analysis  of  Table  20, 
full  savings  were  obtained  during  the  entire  ten-year  period. 

In  the  Contractor's  opinion,  the  useful  life  of  CPPP  (or  equally  capable 
systems)  will  extend  well  beyond  the  1980's.  Major  manufacturing  systems 
which  apply  state-of-the-art  technology  are  not  replaced  every  few  years  by  the 
typical  company.  Instead,  they  are  incrementally  improved  as  additional  tech- 
nology is  proven  useful.  Furthermore,  the  replacement  of  multi-user  systems 
occurs  gradually,  as  did  their  adoption.  It  is  therefore  felt  that,  with 
effective  support,  the  benefits  of  CPPP  in  defense  procurement  would  continue 
well  after  the  198?  limit  in  the  analysis  of  Table  23. 

The  analysis  above  cannot  be  considered  conclusive.  Little  evidence  was 
available  for  estimating  several  of  the  factors  used  in  the  calculations  — 
procurement  budgets,  the  fractions  of  budgets  attributable  to  cylindrical 
parts,  the  implementation  of  CPPP  by  defense  industry,  and  the  expected  period 
of  system  usefulness.  Furthermore,  the  calculations  are  dependent  on  the 
defense  industry  benefit  analysis,  whose  uncertainties  have  already  been 
mentioned. 
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Despite  its  uncertain  quality,  the  analysis  suRRontn  that  CPPl'  lias  a larr,e 
cost  reduction  potential  in  defense  procurement.  Savings  of  severai  millions 
per  year  are  projected  after  full  implementation  is  achieved.  I'.reater  industry 
acceptance  would  increase  savings,  (lovernment  activities  which  would  (uihance 
I’i’f’F  capab  il  it  i('s  atui/or  reduce  implementation  effort  could  increase  acceptance 
as  well  as  increasing,  the  savings  realized  by  companies  using  the  system. 


R77-9‘*2625-ll4 


U.O  RECOMMENDED  CPPP  ENHANCEMENTS 

The  demonstration  CPPI'  system  is  viewed  as  only  the  first  piiase  of 
mi  advmiced  computerized  process  planning  technology.  Several  years  will  he 
required  before  CPPP  fully  matures.  'Hie  present  system  was  deveJopeil  with 
evolution  in  mind.  it  is  highly  modular  and  provides  the  overall  friune- 
work  to  plan  production  methods  for  machined  parts.  To  date,  the  main 
effort  has  been  to  fully  understand  the  variables  of  process  planning  and 
to  develop  an  approach  that  systematically  incorporates  all  aspects  of 
the  planning  process.  The  result  has  been  the  development  of  a base  system 
into  which  scientific  principles  of  metalworking  and  workshop  practice  arc 
easily  introduced.  The  following  list  of  enhancements  is  offered  to  guide 
future  progrmn  planning: 

1.  Procc'r.s  decision  modeling  should  continue  to  be  developed.  A 
method  of  imph'menting  manufacturing  rationalt'  in  the  computer 
is  neces.sary  foi-  computerized  procer.s  iilntining..  Tin-  modeling 
technique  can  be  advanced  to  provide  full  generative  planning 
for  cylindrical  and  non-cy 1 i ndri cal  parts. 

2.  Development  of  advanced  metliods  of  geometric  modeling  is  needed 

to  plan  production  methods  for  non-cy  1 indrical  parts  and  I’eatures. 
Darts  must  be  modeled  as.  soliil  objects  and  their  data  structure 
must  convey  all  phyc.ical  attributes  of  the  design. 

3.  Methods,  of  dimensioning  machined  parts  should  continue  to  be 
developed.  This  includes  the  capability  to  analyze  tolerance 
buildup  and  the  impact  of  tolerance  on  processing  for  all  design 
conf  igurat  ion.-!,  special  process,  effects  and  the  choice  of  datum 
surfaces  should  also  be  included  in  the  method  of  analysis. 

h.  Cutter  tool  .-.election  an/ilys.is  shoulil  be  developed.  This  will 
fillow  for  si'lect.ing,  qualified  cutter  tools  from  a data  base  of 
tools.  CIT’D  currently  selects  only  tools,  preassigned  to  a machine 
tool  for  a specific  type  of  cut.  The  enhancement  would  analyze 
variables  of  the  cutting  situation  and  determine  which  tools 
should  bo  considered. 

5.  A method  of  calculating  standard  times  and  coats  should  be 

.h'velojied.  This  will  allow  the  use  of  standards  data  in  CDDD 
product.ion  rate  and  cost  calculations.  CDDD  now  requires  the 
manufacturer  to  estimate  variables  such  ns  piece  handling, 
machine  setup,  tool  change,  operator  t, ime,  etc. 
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t'.  Mi\ohli\iiiK  tuialyoia  methoda  should  continue  to  he  dev<'U>i>ed. 

'I’hLs  includes  a detail  st.ock  removal  analysis  and  mat.hemat, i ca  1 
methods,  of  determining!;  combinations  of  feed,  speed,  aiui  depth 
in  sitif^le  and  multiple  pas.s  cutt  inK  situations. 

7.  NU'thods  of  seleetitiK  holding;;  tools  !ind  inspection  tools  .are 
tu'eded . This  will  provide  for  the  '.election  of  fixt.ures  and 
(.r.'if’es  from  a data  base  of  tooling  based  on  eharactei'ist  ics  of 
t.he  workpiece  .aiul  mtichine  cuts. 
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ArPKNDIX  A 


STRUC'ITJRPin  DKCOMPOfUTION  OF  CPPP 


This  Appendix  contains  a top-tlown  decomposition  of  the  OPPP  system. 

Figure  A1  illustrates  the  technique  of  factoring  general  system  Ainctions  into 
greater  levels  of  detail.  In  the  example,  the  most  general  view  of  CPPI’  is  tlie 
box  AO  — "DC  Computer  Process  Planning."  Tliis  view  is  also  represented  by  a 
diagram  in  which  five  boxer,  are  interconnected  — this  is  the  first  level  of 
structured  decomposition.  Kach  box  represents  a high-level  system  f\inction  and 
the  connected  paths  carry  data  between  l\inctions.  'I’herefore,  at  any  level 
of  viewing  the  ('f'PP  sy.stem,  the  data  interfaces  are  defined.  The  process  of 
factoring  funct.ions  can  continue  to  any  level  of  detail  desireii.  In  the 
ex.'unple,  two  of  the  AO  functions  are  further  factored  and  one  of  these  — 
"Generate  Operation  Plans"  — has  a function  factored  once  again. 

This  method  of  decomposition  has  been  called  "cell  modeling"  and  more 
recently  "structured  analysis  and  design".  It  results  in  a dociunet\tat. ion  t.hat 
is  somewhat  a blueprint  of  the  system.  The  diagrams  identil'y  the  input./oul.jiut. 
data  interfaces  between  functions  of  the  same  or  higher  levels  and  show  the 
decomposition  of  a f\mction  into  its  subfunctions.  Although  there  is  a con- 
vention used  in  ilingrnming,  the  diagrams  can  be  reail  with  understanding  without 
a full  explanation  of  the  conventions.  For  the  dingriuns  presented  here,  it,  is 
only  necessary  to  know  that  connecting  paths  pointing  into  a box  carry  input 
or  control  data  and  that  paths  coming  out  of  a box  cari'y  output  data.  Also, 
paths  that  do  not  connect  with  a box  of  a dlagrtim  carry  data  from  or  to  func- 
tions of  the  next  higher  level  diagrmii. 


IPl 
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DO  Computer  Process  Planning  (Context) 


CUT  PARAMETER  DATA 


machcnability,  machine  tool, 

TOOLING  AND  STANDARDS  DATA 


PART  DESIGN  AND  RAW 
material  DESCRIPTIONS  0 


□-4 


N> 


PRODUCTION  REQUIREMENTS 
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PART  NUMBER 


<p— PROCESS  DECISION  RULES 


DO  COMPUTER 
PROCESS  PLANNING 


PRODUCTION 

COSr/TIME 


SUMMARY  AND 
DETAIL  PROCESS  PLANS 


fn  CONSISTS  OF  STOCK  REMOVAL  ALLOWANCES,  TOLERANCE  LIMITS,  MINIMUM 
STOCK  REMOVAL,  AND  DEPTH  OF  CUT  DATA 


This  diagram  shows  computer  process  planning  in  the  context  of  the  data 
needed  to  perform  that  function  — which  is,  the  generation  of  summary  tuid 
detailed  process  plajis  from  input  of  part  design  and  raw  material  (workjilece) 
descriptions.  The  data  describing  the  part  design  must  contain  the  equivalent 
information  content  of  a blueprint  for  all  part  surfaces  and  features.  It 
must  include  dimensional  data,  tolerances,  form  conditions  (concentricity, 
straightness,  perpendicularity,  iUatness),  radii  and  edt  i breaks,  finish, 
heat  treatment,  coding  and  plating  requirements,  feature  specifications  (win- 
dows, radial  and  bolt  holes,  flats,  keyways,  slots,  tiireads),  and  the  tyiie  of 
material  and  its  hardness.  Input  describing  the  workiiiece  must  specify  dimen- 
sions of  the  raw  material,  which  can  be  in  the  form  of  bar  stock,  extrusions, 
forgings  or  castings.  The  finished  part  dimensions  must  be  located  relative 
to  the  raw  material  envelope  so  that  the  system  will  know  how  much  stock  must 
be  removed  from  each  surface. 

The  generation  of  a process  plan  also  requires  data  about  production 
requirements  and  the  workshop.  The  production  requirements  must  be  input,  eacti 
time  a plan  is  to  be  generated.  It  specifies  the  lot  size  and  indicates 


viln'tht'r  t ho  iM'itoi*lot\  for  {.'.onorat  t.ho  I'rooos’.r.  plan  Iti  opliittiun  iifoiiuct  Ion 
i-alo  oc  ooat  . Th»'  mai'liiiiabil  i ty  , inaohiiu'  t.ool , tooling,  ataiularii!' , aiui  cait 
partuiiot  tM-  Uat  a iimat  ho  vlofltitai  by  iiiamH'noturiiif:  atu)  input  t.o  tho  t;y!;to«\  t liro\»(^h 
t ho  hat  a t'ano.  'I'ht'  maohi  nabil  i t.y  hata  apooit'ioi?  food,  r,]a'oh  , lU'pthi  o('  out,  and 
t.v'ol  1 t tV  l\ir  dii'Toront.  oiitt.iiij^  a i L>iat.  i onr.  tho  data  ia  inpvit,  to  tdio  ayatom 
lt\  tho  t'Oi’u  of  tabloa.  Maohino  tool  data  providoa  doaoriptlon  of  lathta-. , 

<’(‘1  ndt'ca , drill  pi’oaaoa , and  all  otho)’  maohinoa  that  oan  bo  uaod  in  fabrioat- 
inp,  a part.  'I’oolinp,  dat.a  idontifioa.  onttor  loola.  I'd.andarda  data  aro 
oatimatoa.  v'f  t i m<'  and  ooat  for  aotup,  piooo  handling,  tv'v'l  ohanpinK, 
papinp,  ot  v-.  'I’ho  out  paramt'tt>r  dat.a  ia  dofinod  in  not  o 1 of  tho 
diajtram;  tho  atook  roiiiv'val  allowanooa,  tolotvuioo,  ;uid  miniiiiuin  a.tov’K 
roKK'val  data  aro  ua<‘d  to  doti'rmino  dirmaiaiona  luid  t.oloranooa  in  oaoh 
oporat.  ion.  'liio  proot'aa  dov-ia.ion  rult'a.  prvivido  t ho  rat.ioi\alo  to 
p.onorato  a .-.o.pionoo  ot'  opor.at  iona. . 

1\'  Pomput  r rroooa'a  riani\int;  ( AO ) 

I'i .api-.'Uii  AO  adiowa  that  OPl'l'  la.  faot.oro.i  into  fivo  part, a:  initiato  oomputor 
proot'a.a.  plat\ninp;  ponorato  a.oipionoo  of  opt'r.at  iona ; poni'rat  o dt't.ailod  oporat  icai 
pl.ana.;  di'tormino  final  dimonaic'na  and  toloranooa;  .and  torminato  oomputor  pm- 
ooaa.  planninp.  Aa  in.iio.atod  in  tho  firr.t  box,  oomp\il  oi-  proooaa  planning  ia> 
itiit.iatod  by  input  of  a part  numbor,  'i’lio  primary  output,.",  of  t lu'  a.yat.i'm,  aa 
alu'wn  in  tho  I'il'th  I'ox , aro  tho  a\immary  and  oporat  ion  ahoota  for  fain*  ioat.  i np, 
tho  p.art  . 

I'ho  initi.ato  Ol'l'l'  1‘unot  ion  laapii  roa  tho  prvH'oaa  plannor  to  input  tho  p.art 
nuiuta'r  alonp,  with  ot  hor  at.art.up  dat.a  i.lontifyinp  tho  proooaa  plannor’a  tuuno , 
lot  air.o,  prodnotion  oritorioi\,  platutor  intoraotion  oontrol  opt. iona,  and  in.^io 
ot'  oporat.ion.  Onoo  tho  at.artup  data  ir.  iitput.,  Ori'P  will  rotriovo  from  t.ho 
d.ata  t'aao  tho  part  doaipn  and  woi’kpiooo  lioaori  pt  iona  and  tho  ar.aooiatod  j'.art 
t'am  i 1 y prooor..".  doi'  i a i on  ru  I or. . 

Tho  f.lrat.  p.latuiinp;  lAinot..iott  (aeoond  liox)  wlJ.l  tionor.ate  .n  siapionco  v'f 
opt'raLiona.  Thla  ia  done  mtdor  oontro.i  of  oithor  t ho  aei  oct.od  proooaa  dooialon 
rviloa  or  thronp.h  intoraot.lon  wit.h  tho  proooaa  j'l  minor.  In  t.ho  iatt.or  oaao, 
tho  proooaa  piminor  vantUi  apooltV  t ho  oporationa  (mot,a.i outt.inp  mul  non-mot.jfl - 
onttlnp)  mui  tho  aurfnot'a  to  bo  out.  in  oaoh  motiU  removal  oporation. 

Tho  no.xt  planninp  funol  ion  (thiial  tiox)  will  ponorato  dotal  lod  plana  for 
('aoh  mot.al  out.t.  inp,  aiul  nonmot  al  outt.  i up  ot'oration  idontifiovi  in  tho  ao.pionoo  of 
opi'rationa.  'I’hia  t'unotion  rovpiiror.  data  about,  tho  finiahod  part  , ao.pionoo 
of  oporat  iona,  .and  produi't  iiai  ro^ni romont.a . Aot.inp  on  thia  information,  tho 
funotion  will  at'U'ot  tho  t'l'at  m,nohln<’a,  (Uit  t inp  atapionooa,  onttor  t.oola,  and 
maoliinlrip  parjuiio  1 <'rn  ( fotal , apood,  .lopth  of  out)  foi'  all  ttu't  a 1 out  t i np  opt'ra- 
t.ii'tia  baaed  on  prodnot  ion  t ime  or  ooat  . Alao>,  ,aa  in  tho  funot  ion  to  ponorato 
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a 80i\\ioiice  or  opcratioiu; , the  proceas  planner  mfvy  internet  to  exeroiae  control 
ov<'r  tlie  detailed  pjannini^  of  operations. 

The  last  plannitifi  function  (fourth  box)  lietermines  the  final  workpiece 
dimensions  auvi  tolerances.  Up  to  this  point-,  the  .system  nst's  only  nominal 
dimensions  in  (lenerat  inp,  detailed  process  plans.  This  f\inction  is  a basic  tol 
er.ance  chartinp  process  consisting  of  <li.*uiietral  and  lati'ral  cut.  ho'out,  dist.ri 
button  of  tolerances  over  different  types  of  c\its,  and  calculation  of 
dimensions  based  on  stock  removal  allow.ances. 

donerate  eeuucncc  of  tlperat  i^^ns  ( ) 


Cl 


This  viiaprjxni  shows  Ih.at  (he  ('uncticin  to  peneiuit-e  a sequenct'  of  operation 
is  I’actored  into  three  p.art  s : ('cueratc  operations  fri'tn  process  decision  rules; 
penerate  operat ions  from  manual  interaction;  and  accept/nuid i fy  sequence  of 
operations.  An  important  operat  ional  feat-ure  is  indicat-evi  by  t.his  dinpiauii  — 
that  is,  operations  can  be  penerat.ed  by  either  automatic  or  man-machine  inter- 
action methods.  The  process  planner  indicates  whii'h  met  hod  of  operat  ion  is 
to  be  used  at  the  time  of  system  i n i t i .al  i sat- i on . When  operat.inp  in  the  inter- 
active mode  (box  f),  the  process  planner  defiiu's  to  the  computer  each  opcr.a- 
tion  of  the  sequence.  This  wouhl  bi'  done  by  specifyinp  the  type  of  operations, 
machine  t-ools,  and  surfaces  to  bt'  cut  in  e.ach  operat  ii'n. 
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The  Ih^x  of  t)ie  lilfi^^rnri  show:?  tluit  the  operations  generated  automatic- 

ally are  done  so  utuler  control  of  process  decision  rules  and  input  describing 
the  part  design  and  workpiece. 

The  tliird  box  provivles  the  process  plantu'r  with  the  opportunity  to  accept 
or  mod  i f>'  a sequence  of  operat  ions  that  has  beer,  generat  ed  by  either  the  auto- 
matic or  interactive  iiw’thods.  If  t lie  option  is  not  requested,  the  system  will 
automatically  accept  the  sequence  of  operations.  When  the  fimction  is  acti- 
vated, the  process  pi  aimer  can  review  tlie  entire  sequence  I'f  operations  and 
make  aip,-  additions  or  deletions  to  the  sequence  or  individual  operations. 

Jenerate  Operations  From  Process  Pecision  Rules  (A2l) 

I’'ingr.am  API  shows  that  the  function  to  generate  operations  from  process 
decision  rules  is  factored  into  five  parts;  select  process  rules;  determine 
surfaces  to  cut;  determine  surfaces  affected  by  nonmet.al cutting  operation; 
accept/mod i t'>'  generated  operation;  and  buil.i  operat  ion  mat  rix.  The  first  func- 
tion selects,  the  process  decision  rule  to  determine  whether  conditions  exist 
for  an  operation.  Kach  process  rule  is  prognuraried  for  a specific  t.y~pe  of 
opertition  iturn,  drill,  grind,  lionet  .and  to  use  a certain  class(es)  of  machine 
tool  iengine  lat.he,  automatic,  munerical  control,  VTh,  etc.)  or  .a  specific 
machine  tool  (W  S:  TAB,  d & I,  rTO,  V.an  Norman  centerless  grinder).  CPri' 

consiilers  e.ach  process  decision  rule  in  turn  an.!  determines  if  an  operation 
of  the  t.M''e  specified  should  be  selected  for  the  particular  part. 

Assooiatevl  with  each  process  decision  rule  is  a progiaumiied  set  of  condi- 
tions for  which  the  stated  operation  is  applicable.  These  conditions  are 
interpreted  in  the  second  box  to  determine  which  part  surfaces  jire  to  be  cut 
and  in  the  third  box  to  lietermine  surfaces  affected  by  some  nonmetalcutting 
operation.  The  condit  ions  progrmii  the  system  to  test  the  part  for  a specific 
shape,  sir.e,  configuration,  form,  material,  workpiece  status,  etc.  If  the 
set  of  coiniition:-  are  pres.ent , the  type  of  operation  identified  in  the 
process  .iecision  rule  will  be  selected,  ronversely,  wlien  a process  decision 
rule  fails  to  identit'>’  a surface  to  be  cut,  platcii,  etc.,  the  operation  will 
not  be  selected.  For  exiunple,  if  a process  decision  rule  were  progriunmed  to 
cut  a deep  hole  and  there  was  not  one,  the  system  would  skip  such  an  operation. 

The  fourth  function  provides  the  process  planner  with  the  opportunity 
to  accept  or  modify'  an  operation  generated  by  a process  decision  rule.  If 
the  option  is  not  requested,  the  system  will  automatically  accept  the  gener- 
ated operation.  When  this  function  is  activated,  tlie  process  planner  cun  add 
or  delete  cuts  from  the  operation  as  well  as  perform  several  otlier  actions. 


l.'O 
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The  final  function  builds  the  sequence  of  operations  summary.  The  sum- 
mary identifies  for  each  operation  the  type  of  operation,  machine  class  or 
specific  machine,  and  the  surfaces  affected  by  the  operation,  A full 
sequence  of  operations  is  generated  by  cycling  through  all  process  decision 
rules  programmed  for  the  particular  part  family. 

Generate  '.^aeration  Details  (A3) 


12 


This  diagram  shows  tlmt  the  function  to  generate  detailed  operation  plans 
is  fat'tored  into  three  parts:  generate  data  for  nonmetal  cutting  and  metal- 
cutting operations,  and  accept/modify  detail  operation  data.  The  input  to  this 
part  of  the  system  is  a sequence  of  operations  summary  fully  describing  each 
operation  — the  type  of  operation  (turn,  drill,  bore,  crush  grind,  mill,  plate) 
and  either  the  typo  of  machine  tool  or  specific  machine  tool  required.  Also 
identified  are  the  surfaces  affected  by  each  operation. 

Depending  on  the  type  of  operation,  the  first  or  second  function  is  acti- 
vated to  generate  the  detail  operation  data.  Detailed  data  generated  for 
nonmetalcutting  operations  consist  of  a dimensioned  sketch  of  the  workpiece 
identlfing  the  surfaces  affected  by  the  operation.  For  example,  in  the  case 
of  a plating  or  nitriding  operation,  the  workpiece  surfaces  involved  would  be 
identi f ied . 


131 
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Detail  data  generated  for  metalcutting  operations  specify  tlie  machine 
tool,  cut  sequence,  type  of  cutter  tools,  suggested  feeds  and  speeds,  and  a 
dimensioned  sketch  of  the  workpiece  identifying  the  machined  surfaces.  Data 
specifying  special  fixtvires  or  clamping  tools  required  by  the  operation  are 
not  output  by  the  current  system  — this  data  will  have  to  be  added  by  the 
process  planner.  Also,  tool  holders,  cutter  holders,  c)iip  breakers,  turning 
heads  and  blocks  will  normally  have  to  be  added  by  tlie  process  planner. 

As  will  be  seen  in  later  diagrams,  the  planning,  of  a metalcutting  opera- 
tion involves  much  analysis  because  of  tlie  interrelated  nature  of  the  factors 
involved,  'flie  macliine  tool,  cut  sequence,  ciitter  tools  and  machining  para- 
meters are  determined  only  after  alternative  solutions  have  been  considered  in 
terms  of  production  rate  and  coat.  To  do  the  analysis,  data  is  required  about 
production  requirements,  machine  tools,  cutter  toolt?,  machinability , standards 
an.i  stock  removal  allowances. 

The  Miird  function  provides  the  process  plannei'  witli  the  opportunity  to 
accept  or  modifj'  the  detail  opcratioti  data  generated  by  the  system.  If  the 
option  is  not  rc'quosted,  the  system  will  automatically  accept  the  open.') t, ion 
data.  When  the  function  is  activated,  tlie  process  planner  can  aid  data  or 
make  changes  to  the  detail  data.  I’or  example,  cutter  tools  could  be  added 
where  they  were  not  automatically  selected  by  the  system  — also,  cutter 
holders,  tool  holders,  etc.  could  be  added. 

denerate  Data  for  Metalcutting  Operations  (AID) 

Diagram  A32  shows  that  the  function  to  generate  data  for  metnloutting 
operations  is  factored  into  four  parts:  select  machine  tool;  s.elect  ciit 
.sequence;  .select  cutter  tools;  and  determine  cut  parjwu't  ers . Fad;  par?  piu'sents 
a problem  wliosc  solution  is  dependent  on  solving  the  other  problems.  That 
is,  selection  of  a machine  tool  is  dependent  on  knowing  the  cut.  sequence, 
cutter  tools,  and  feeds,  speeds,  and  depth  of  cuts.  F'imilarl.v,  the  best  cut 
.sequence  is  deperKient  on  the  choice  of  machine  tool  and.  the  selected  tov'^l 
oombinntioJi.  The  choice  of  cutter  tools  is  .iepen  lent  cu)  rc.achine  to<.i!,  vci-k- 
piece  material,  cut  geometry,  feed,  speed,  deptli,  tk'lerance  and  finish.  ',’he 
selection  of  feovls  .and  speeds  is  depetuient  on  all  of  tlic  above  vai'ial'les  and 
in  a.idit.ion  includes  cons  idcr.at  ion  of  the  tool  material  and  geomet  ry  , cutting 
force.j,  .and  machine  tool  oper.ating  limits. 

'ITie  cm’  system  has  been  designe^i  to  solve  the  individual  problems  of 
m.achine  selection,  out  seqvience  selection,  tool  selection  and  cut  parameter 
selection  simultaneously.  The  first  function  selects  a machine  tool  based  oti 
the  input  description  of  the  operation  and  the  detail  sequence  data  developed 
for  each  candidate  machine  tool.  The  (iata  channel  entering  the  first  box  from 
the  right  carries  detail  operation  data  generated  by  the  second  funct ion  — 
channels  in  which  data  can  pass  in  two  directions  are  identified  by  a dot 
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placed  next  to  the  arrow  head.  In  similar  fashion,  the  second  function  selects 
a cut  sequence  based  on  input  of  the  surfaces  to  be  cut,  a machine  candidate, 
and  the  detail  tool  data  generated  for  each  candidate  sequence.  The  third 
function  selects  cutter  tools  based  on  input  of  a candidate  machine  tool,  can- 
didate cut  sequences,  and  the  detail  cut  data  generated  for  each  type  of  cut 
and  candidate  cutter  tool.  The  fourth  function  determines  detail  cut  data 
(feed,  speed,  depth  of  cut,  cost  and  time)  based  on  inputs  of  a candidate 
machine  tool,  cutter  tool  and  cut  definition  data. 

The  procedure  for  generating  detailed  operation  plans  can  be  summarized 
as  follows:  l)  select  a set  of  candidate  machine  tools  for  the  described 
operation;  2)  determine  candidate  cut  sequences  for  removing  metal  on  each 
machine;  3)  select  candidate  cutter  tools  for  each  combination  of  machine  tool 
an.i  cut  sequence;  ) determine  the  cut  parameter  data  for  each  cut  and  tool  of 
a cut  sequence;  and  5)  select  in  turn  the  best  combination  of  cutter  tools, 
cut  sequence  and  machine  tool.  Ibis  process  will  first  build  a network  of 
possible  solutions  and  then  select  the  best  solution  based  on  either  produc- 
tion rate  or  coat. 

Se 1 ect  Machine  Tool  (A3?l) 


lHnH’;r!un  A^;’l  ahowii  tliat  the  function  to  aelect  ii  miichine  tool  for  a 
itefineii  opi-rution  in  factored  into  three  ptvrta:  determine  qualified  machine 
t.oola;  :;el<‘ct  heat.  machitH'  tool;  mid  accept/modi  fy  iielocted  machine  tool. 

'lliia  act  of  functlona  will  identitly'  machine  toola  qualified  for  the  oporai.lon, 
d<-f.<'rmine  I.  i inea  mid  coata  aaaociated  with  each  machine  tool,  and  aelect  the 
machitu'  t.ool  aaliafyinp,  the  production  criterion.  The  fi  rat  function  will 
(pial  i fy  machlnea  haami  on  i.he  cuta  t.o  he  made,  the  type  of  machine  tool 
apecit’ieii  in  tlie  o|'eration,  mid  the  workpiece'  aixe.  'llie  machltu'  toola  of 
a workiduip  are'  I'laaalfied  by  cateK.orier-  auch  aa  e'lif.tine  lat.he'a,  turn't  lathea, 
automat.ica,  ctuit.e'rle'aa  (-^rlndei’a,  aurface  Kt'ltulera  and  Run  drilla.  In  the 
e'liai'  where'  a apecific  machine  i.e:)o  1 ia  apecll'ied  in  the  operatieni  dat.a,  only 
that  mae’hine'  will  be'  I'onaidered. 


'ITie'  aecond  function  ae'lecta  the  beat  machine  tool  baaed  on  optimum 
product  ion  rata'  or  coat,.  before  a aelect!  on  cmi  be  made,  ttu'  operation  muat. 
be  detaili-ii  for  eacli  v-andldate  machine  t.ool.  'Ilieri't'orc,  t.he  beat.  I'ut. 
sequence,  tools,  fi'i'ds  and  apei'da  and  cut.t.iiiR  t.lme  and  coat  muat  first  In' 
di'term  i Ill'll  for  each  machine.  Tli  i a dat.a  combined  wit.h  information  alnnil.  lot. 
sire  and  s.etup  coat. ''time  will  enable  a machine  tool  to  be  select. ed.  I’rodui'- 
t i on  time  and  cost  per  piece  are  I'alculat.ed  from  t.he  following;  equal  ionr.: 

•'ji  ■-  (^c  t't)  (1) 

^ out;; 

‘'p  “ ^'a  ‘'t. 


t = l.ime  of  operat.lon  per  piece 

t|',  = setup  t.irm'  per  piece  — this  la  baaed  on  the  lot  size  and  atandard  time 
cal  cul  at  ion.  (machine  aetnp/lcit  a i 7.e  + t.ool  aetup/lot  a i ae  + workpiece 
hand  1 i hr) 

1.,.  = t.i.me  of  cutt-Uip:  operation  — this  ia  baaed  on  the  I'hoicc  of  cut  iiequence, 
toola  mid  macliin.)  HR  iiarmiieteTa  for  tlie  cmuiidal.o  madiine  tool  ; as  aeon  In 
tlu'  (iiai'r.'un,  the  t.ijiU'  and  coat,  of  the  heat  ent  aequi'iiee  will  be  ealculati'd 
mid  injnit,  to  thia  ITuietlon. 

tj  wj  t.ijiie  allocated  to  tool  ehmiRo  per  piei'i'  --  t.liia  ia  baaed  on  tlie  number  of 
cut. a that  emi  he  m.'uU’  with  a aliarp  tool;  t.he  t.Lme  Is  dot.emiiKvl  in  the 
aelect  cut  parmiieter  fiuiction  mid  input  to  tliia  fiuict.lon. 
tj^  int  ernal  macliine  time  — tliia  ia  t.Lmo  .lost  due  to  tool  travel  mid  .bidox- 
iiiR;  it  ia  baat'd  on  tlie  tool  l.ayout  mid  cmi  bo  detominod  from  tlie  atmi- 
danl  t.imc  ealexilatiou. 

ty  « internal  operator  time  — thin  ia  t.inie  spent  by  the  operator  attendiii).’: 
the  machine  tool  in  operation  (machine  control,  tool  chanRo,  rorIhr); 
it  in  determined  from  the  standard  time  calculation. 

Cp  = coat  of  operation  per  piece 
c I labor  direct  mid  overhead  coat 
Cm  ® machine  din'ct  and  overlietul  coat 


1 V' 


= ovitter  tool  I'oiit  --  tfiii:  is  detenniiioti  rn^m  tlio  number  ol‘  piii'ts  tluit  ciui 
be  inaehined  with  a siiu'lo  eutter  tnif.e;  a pi-oiK^rtion  of  all  cutter  tool 
citst  Is  aLloeatod  to  i-aeJi  opeiait.xon. 


'I’he  third  t'unetioii  ['roviit«'s  f.)n'  priu'css  planner  witli  t lu'  oiiport-uni  t.v  t<' 
ae,'i'pt  or  ehanpe  the  select. ed  mai'hint'  tool.  1 I'  t.ht'  option  is  not  re(}iif';:te(i , 
the  r.ystei'i  will  aiit.omat  i ca  I 1 ,v  acci'pt.  tin'  chor.en  machine. 

;'■<>  lect  thit  ocnueiu'c 


'ibi;:  dia;trat!i  .■•.hi'<wr.  that,  tin'  I'unct.iott  to  select,  .'i  cutt.iiift  r.cipn'tice  is 
I'act.orcd  into  three  p.arts:  di'termiin'  ca.ndi  d.at.t'  cut  r.eqin'in'cs ; determine 
I'e.d  s.i'iinence  vM'  cut : ; and  .accet't  'modit'y  se  li'ct.t'd  r.i'iiui'uce  of  cut  s.  'llteo- 
ret  icallv,  materi.'il  cfui  I'e  ri'iiioved  usiu^';  sevi'fal  comtnuations  of  I'Ut.s.  .‘linci' 
the  I't'sd.  si'quence  of  cuts,  i-.-innot  alwfvys  be  det.i'rmi  ited  a priori,  the  system 
niur.t  first  determine  posr.il'le  se>iueuct's  f>u'  in'inovinp  the  imit.i'i'i  al  and  t.hen 
det.t'rmiue  (tie  time  and  cor.t  associated  with  each  eaiuiidat.e  senuenee. 

'I'lie  t'irst  (’unction  will  determine  a set  ot’  candidate  cut  s<'i|uenees.  Kor 


oilch  i'oqiu'iu'o , t.ho  opei’lfio  typo  of  cuts?  and  t.heiv  order  will  I'o  defined. 
Ah'o,  the  out  tiltnation  data  definiiiK  each  cut  in  a neq\»ence  will  he 
prodiiced  — thin  data  specifies  for  each  type  of  cut  the  Jimoiuit  ol’  stock  to 
he  removoti. 


The  second  function  will  determine  which  of  the  candidate  cut  sequences 
is  host.  t'ince  the  decision  must  he  based  on  some  economic  crit.erion,  it  is. 
necess-ary  to  first  calculate  the  time  and  cost  associated  with  eacli  cut. 
sequence  — this  calculation  is  dependent  on  the  selectivai  of  cuttt'r  tools 
and  determituit  ion  of  feeds,  speeds,  and  depth  of  cuts.  The  time  and  ('ost 
data  for  each  cut  sequence  is  determined  in  other  parts  luid  Ai?lt)  of 

the  system.  W>en  the  data  has  been  Kt'tierated  for  all  cmididate  cut  neq\iencei' 
the  best  cut  sequence  in  chosen. 

The  third  fuTU'tion  provides  the  process  pl.'uiner  with  the  opportunity  to 
acc<'pt  or  modify  the  selected  s.equence  of  cuts.  If  t.hi'  option  is  not, 

I'eques.t  ed,  the  sys-t.em  w i I I automatically  accept  the  seh'ct.i'd  <’ut.  sequenci-. 

i’elect  Out  ter  Tools  (AlOl) 


CUT  SITUATION  DATA 


('AH 7 OISION 


CANDIOATE 
CUT  SEQUENCE , 


-TOOL  OAT  A 


OETEFTMINE 

ALTEHNATIVE 

TOOLS 


MACUINl  

TOOL  CANOIOAIt 


MATHIX  Of  CUTS 
ANO  TOOLS 


SELECT  BEST 
COMHINATKTN 
OF  TOOLS 


CUT  ANO  TOOL 
CANOIOATE/DETAIL 
CUT  OAT  A Q) 

h :-oi 


COMPUTEH 
SELECTEO  TOOLS 


PHODUCTION 

CfTITEfTION 


Q)  INCLUOES  FEEDS  AND  SPEEDS, 

DEPTH  OF  CUT  ANO  TIME  AND  COST. 


-MACHINE 
TOOL  DATA 


ACCEPT/ 
MODIFY  TOOL 
COMBINATION 


TERMINAL 
INTERACTION - 


MANUALLY 
.11  APPROVED 
TOOL 

COMBINATIONS 


I 


1J7 


'Hii lii  Jifiram  ;il\ov/s  that,  the  t’uiu’t.  iita  ti>  aeltu-t  cutter  tools  is  t'aeti>reh 
into  three  part-s;  lietermine  alternative  tools,  select  best  combination  of 
tools,  aiui  ai'oept  'nuiiii  t\  too!  comb  i nat  i ini . 'll\e  primai'y  objective  is.  t.o 
ht'tei'mine  the  comhii\ation  of  tools  t'or  a out  soijiieni’e  that,  will  five  I hi' 
be;-.t  m.'ich  i n i nf  performance.  'n\ere  are  several  factors  t.o  ciinsi  i ilei'.  r'irs.t., 
there  may  be  s.everal  cut  ter  t.ools  of  hi  f fei'ent  material  <uih  feomet cy  t.hal. 
cm  he  uc.cil  ti>  make  a i'\it..  'oecoiui,  some  tools,  may  bi'  able  to  be  used  i!i 
more  than  oi\e  cut.  — this  can  reduce  both  the  number  of  tool  s required  ."uui 
the  ivx'!  indexing. 

The  I'ir.'d  function  will  deti'rmine  the  a!  t.i'rnal  i ve  t.ools  for  a cainiidat.i' 

.’ut  sc.\ucnce.  Candidate  cutter  tools  are  s.t'lected  for  each  type  of  cut. 

.'.elocted  in  the  I'ut.  s.cduenct'.  'I’ho  proecs.s.  of  selectinf  cut.t.er  tools,  is. 
c.-nt  I'ol  1 e.t  by  the  c\it.  situatioi\  data  specified  for  each  type  of  cut  .a.nd 
the  !.v>|s  I'sca.'is.  i filed  f.'S  certain  types,  of  cut. 

•The  s.ccon.t  1‘unction  will  determine  the  best  set  of  t.ools  for  the  cut. 
.u'.juonci'.  T.'  make  the  decision  it  is.  f i rs.t.  necess.ary  to  calculate  the  time 
an. I cost  as.sociat.ed  with  each  type  of  cut.  and  .•aiuUdate  tool.  Tliis.  calculation 
is.  .t.ine  by  the  t'unct  ion  (Av'ii)  that,  determines  the  cut  t. inf;  paraiiu't.ers  I\ir 
each  .'Ul  . When  the  analysis,  has.  been  eomplet.i’d  for  each  cut  . a table  of 
time  an.l  .'os.t.  .lata  will  be  cons.t.  ruct.ed  for  candi.late  tov'l  comb  i nat  i ..ms  and 
I lu'  .•tioii-e  of  best  tos'ls  is.  ma.le  by  s.electiiif,  t hi'  I'ombi  nat.  i on  s.at  i s.  1\  i iif 
the  .-ri  t t'l'ion  of  maximum  prodiu't.ion  r;ite  or  minimum  co  s.t  . 

I'he  thir.t  I’un.’t  i.'ii  pr.'vi.tes  the  pr.icess  planner  with  the  c'pport  uii  i t y 
t a^•^•epl  .<r  chatife  the  s.ete.-te.i  tool  .'.'1111' i nat.  i oiis . If  the  option  is  not 
re.iues.l  e.l , the  s.ys.tem  will  aut.oma  t.  i ca  1 I y .'u-.-ept  the  select. e.i  toe.!  comb  i nat  i.m  . 
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Determine  Alternative  Tools  (A3231) 


C3 


This  diagram  shows  that  the  function  to  select  alternative  tools  is 
factored  into  three  parts:  select  preassigned  tools,  select  tools  from  inven- 
tory, and  accept/modify  tool  candidates.  The  first  two  functions  will  select 
candidate  tools  for  specific  types  of  cuts.  The  first  function  will  select 
preassigned  tools  for  different  types  of  cuts  made  on  a specific  machine 
toot.  In  addition  to  cutter  tools,  cutter  and  tool  holders,  chip  breakers, 
heads  and  blocks  can  also  be  selected. 

The  second  function  (not  available  in  current  system)  will  select  cutter 
tools  from  inventory  as  described  in  the  data  base.  This  fiinction  is  activated 
whenever  tools  are  not  preassigned  or  only  a general  type  of  tool  has  been 
specified.  Cutter  tools  are  selected  from  inventory  according  to  the  type  of 
cut  and  specific  cutting  situation.  In  the  situation  where  the  system  fails 
to  select  a candidate  tool  for  a cut,  the  process  planner  is  required  to 
specify  a tool. 

When  all  tool  candidates  have  been  selected,  the  third  function  will  pro- 
vide the  process  planner  with  the  opportunity  to  accept  or  modify  tlie  chosen 
tool  candidates.  This  function  permits  the  process  planner  to  specify  new 
tools  or  delete  tools  from  further  consideration.  If  the  option  is  not 
requested,  the  system  will  automatically  accept  the  selected  tool  candidates. 
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Select  Cut  Parameters  {A32k) 


Cl 


Tfiis  liia^r.-un  shpws  that  the  function  to  select  cut  parameters  for 
different  types  of  cuts  is  factored  into  three  parts:  determine  values 
from  tables,  determine  values  from  tables  and  equations,  and  determine 
values  from  equations.  Each  of  these  subfunctions  provide  alternativt' 
methods  for  analyzing  cuttinf:  time  and  cost.  Tlie  basic  equations  involved 
are  shown  below: 


time  =1  + 

R RT 


c ,v  c ,vt  c+v 

cost  = * + ^ + — .1 

R RT  RT 


V a volume  the  amount  of  material  removed  by  a cut 


t =»  time  to  change  a worn  tool 


c^  = labor  direct  and  overhead  cost 


(1) 

(2) 


Dm 
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= cutter  tool  cost  per  cutting  edge 
R = cutting  rate 
T = tool  life 


Although  the  equations  are  simple,  the  problem  of  determining  values  for 
cutting  rate  (R)  and  tool  life  (T)  is  not  simple.  In  the  most  rigorous  treat- 
ment of  these  variables,  they  are  quantitatively  defined  by  a multidimensional 
space  relating  speed,  feed,  depth  of  cut,  finish,  tolerance,  workpiece  material, 
tool  material  and  geometry,  and  other  variables.  Unfortunately,  the  data  is 
often  not  available  in  a workshop  to  develop  accurate  correlations  between 
variables.  Tlierefore,  a computer  process  planning  system  must  provide  several 
ways  of  approaching  the  machining  analysis  problem;  three  methods  have  been 
specified  of  which  only  the  first  is  available  in  the  current  system. 

In  the  first  approach  feeds,  speeds  and  depth  of  cut  are  determined  from 
tables  prepared  by  manufacturing.  This  part  of  the  system  also  estimates 
tool  life  for  different  combinations  of  workpiece  and  tool  materials.  It  is 
assumed  that  the  tool  life  data  will  be  correlated  with  the  feed  and  speed 
teibles,  and  therefore,  can  be  used  to  estimate  the  number  of  cuts  (fuid  parts) 
that  can  be  made  with  one  cutting  edge.  The  second  approach  is  specified 
to  use  equations  relating  cutting  speed  and  tool  life  for  different  types  of 
cuts,  machine  tools,  workpiece  and  tool  materials,  depth  of  cut,  tool 
geometiy,  tolerance  and  finish  conditions.  Coefficient  data  is  needed  for 
equations  of  the  following  form: 


VT»  = c (3) 

Other  forms  of  equations  could  also  be  accommodated  by  making  chajiges  to  tlie 
system.  The  cutting  feed  would  be  determined  from  tables. 

The  third  approach  is  specified  to  use  equations  from  which  the 
optimum  combination  of  feed,  speed  and  depth  would  be  determined.  As 
improved  machinabi 1 ity  models  relating  cutting  parameters  of  tool  life  and 
cutting  rate  become  available,  optimization  techniques  can  be  added  to  the 
system. 

In  each  approach  the  process  planner  can  interact  with  the  system  to 
accept  or  modify  values  that  are  automatically  determined  by  the  system. 

Data  values  are  displayed  for  number  of  cutting  passes,  depth  of  cut,  feed, 
speed,  rate,  time,  cost,  tool  life,  volume  of  material  removed,  tool  material, 
rake  angle,  tool  cost,  number  of  parts  cut  per  tool  edge,  horsepower,  spindle 
torque,  and  resultant  cutting  force.  If  this  function  Is  activated,  the 
process  planner  can  independently  set  feed,  speed  and  depth  of  cut  val\ies 
and  the  system  would  use  them  in  the  cutting  analysis. 
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APPENDIX  B 


INTERACTIVE  DISPLAYS 


Though  CPPP  can  be  used  in  a batch  processing  mode,  it  is  most  often 
operated  from  a graphic  terminal.  There  are  fifteen  interaction  points  at 
which  the  process  planner  can  influence  CPPP  planning  (Section  2,5).  Most  of 
these  are  optional  — the  process  planner  can  choose  whether  he  wishes  to 
review/modify  the  CPPP  decisions  associated  with  the  interaction  point. 

Operation  of  the  CPPP  terminal  is  described  in  this  appendix.  Each 
interaction  point  is  discussed,  using  an  example  of  the  terminal  display  that 
appears  at  the  interaction  point. 


Terminal  Operating  Procedures 

CPPP  is  currently  implemented  for  TEKTRONIX  1*006,  UOlO,  4012,  and  UolU 
graphic  terminals.  From  the  user's  point  of  view,  the  terminal  contains  two 
or  three  basic  elements  — a cathode  ray  tube  screen,  an  alphanumeric  key- 
board, and  probably  a hardcopy  device.  Information  and  instructions  from  the 
CPPP  computer  to  the  process  planner  are  displayed  on  the  television-like 
screen.  The  process  planner  sends  directions  to  CPPP  using  the  typewriter- 
like keyboard.  The  hardcopy  device  enables  the  user  to  save  a copy  of  any 
display  for  later  reference. 

The  screen  is  of  the  "storage"  type  rather  than  the  "refreshed"  type. 
That  is,  a portion  of  the  screen  surface  remains  activated  or  bright  until 
"erased",  rather  than  requiring  periodic  reactivation.  Storage  terminals  are 
far  less  expensive  than  refreshed  ones,  but  do  not  have  the  capability  to  be 
selectively  erased.  To  delete  or  modify  any  portion  of  a display,  the  screen 
is  completely  erased  and  redrawn.  For  the  CPPP  application,  it  is  felt  that 
selective  erasure  is  a minor  convenience  which  is  far  outweighed  by  the  lower 
terminal  cost. 

The  process  planner  Inputs  directions  and  data  by  typing  them  on  the 
keyboard.  He  signals  the  end  of  a message  by  depressing  the  RETURN  key.  As 
he  types  his  message,  it  is  displayed  on  the  screen.  The  message  can  be 
aborted  at  any  time  before  the  RETURN  is  typed  by  simultaneously  depressing 
the  CTRL  (CONTROL)  and  X keys.  The  message  can  be  restarted  immediately 
after  doing  so.  The  most  recent  character  entered  may  be  deleted  by  simul- 
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I taneously  depressing  the  CTRL  and  Z keys.  This  may  be  done  repetitively  to 

I delete  several  characters.  (Deleted  messages  and  characters  remain  on  the 

j screen  but  are  ignored  by  the  computer.) 

I 

j The  terminal  may  have  a hardcopy  device  attached  to  it.  If  so,  a copy 

, of  the  current  display  can  be  obtained  by  pressing  the  COPY  key  in  the  upper 

J right  portion  of  the  keyboard. 


Interaction  Points 

The  remainder  of  this  appendix  contains  a discussion  of  each  CPPP  inter- 
action point.  The  context  in  which  the  interaction  point  occurs  is  related 
and  user  options  are  described.  An  exajnple  of  the  primary  display  at  the 
interaction  point  is  given.  (Some  of  the  options  offered  by  primary  screens 
cause  subordinate  displays  to  appear.  ) Process  planner  messages  may  be 
distinguished  in  the  examples  by  the  symbol  > in  the  left  margin. 

Each  screen  offers  a list  of  options  available  to  the  process  planner. 

If  an  option  requires  data  from  the  process  planner,  the  option  list  indi- 
cates the  required  data.  For  example,  the  option  for  adding  cutter  tools 
might  appear  as  follows: 

U,  CUT  ID,  LIST  OF  NEW  CUTTER  TOOL  CANDIDATES 

If  the  process  planner  wished  to  add  the  cutters  1203-006  and  1203-012  for 
consideration  in  the  third  cut  shown  in  the  particular  display,  he  would 
type 

, 3 , 120  3-006 , 120  3-012 


» i 


; ! 
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! 


\ 
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THIS 


page  is  best  QUAlilW 


Interaction  Point  1 


UTRC  CPPP  SYSTEM.  INITIATE  METHOD  OF  PROCESS  PLPHNINC 
TYPE  IN  METHOD  OF  PROCESS  PLANNING-  YOUR  NAME-  PART  NUMBER 

1 NEH  PLAN-  HITH  OPERATIONS  GENERATED  BY  PROCESS  DECISION  RULES 

2 HEN  PLAN-  HITH  OPERATIONS  GENERATED  INTERACT lUELV 

3 RESUME  PLANNING  SESSION  (NOT  YET  AUAILA6LE) 

4 EDIT  COMPLETED  PROCESS  PLAN  (NOT  YET  AUAILABLE) 

>1-NARK  DUNN- 747917-20 


The  process  planner  selects  the  method  of  CPPP  planning  he  desires.  Two 
methods  are  currently  offered,  both  for  development  of  a new  process  plan. 

In  the  first,  the  summary  of  operations  is  generated  by  a process  decision 
model  with  or  without  the  assistance  of  the  process  planner.  In  the  second, 
the  process  planner  composes  the  summary  of  operations  by  repetitive  use  of 
interaction  point  k.  The  input  message  shows  that  the  first  option  is  chosen 
to  plan  a process  for  part  7^7917-20. 

The  display  indicates  two  additional  process  pitinning  methods  that  could 
be  implemented  in  the  future  — resumption  of  a CPPP  session  that  was  suspended 
and  modification  of  an  existing  process  plan. 
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liiteraotion  Point  2 


UTRC  CPPP  SYSTEM  INITIATE  STARTUP  DATA  FOR  NEW  PLAN 

TYPE  IN  LOT  SIZE,  CRITERION  FOR  DECISION  MAKING.  (I  FOR  MINIMUM  COST. 
2 FOR  MINIMUM  TIME) 

>50.1 

TYPE  IN  NUMBERS  OF  DESIRED  INTERACTION  POINTS  OR  TYPE  C/R  FOR  FULLY 
AUTOMATIC  PLANNING’ 

1 ACCEPT/MOOIFY  GENERATED  OPERATION  (DECISION  RULES) 

2 ACCEPT/MOOIFY  SEQUENCE  OF  OPERATIONS 

3 ACCEPT/MOOIFY  MACHINE  TOOL  CANDIDATES 

4 ACCEPT/MOOIFY  CUT  SEQUENCE  CANDIDATES 

5 ACCEPT/MOOIFY  CUTTING  TOOL  CANDIDATES 

6 ACCEPT/MOOIFY  MACHINING  DATA 

7 ACCEPT/MOOIFY  SELECTED  TOOL  COMBINATION 

8 ACCEPT/MOOIFY  SELECTED  CUT  SEQUENCE 

9 ACCEPT/MOOIFY  SELECTED  MACHINE  TOOL 

10  ACCEPT/MOOIFY  DETAILED  OPERATION  PLAN 

11  ACCEPT/MOOIFY  FINAL  PROCESS  PLAN  DATA 
1.2,3,4,5/6,7,8,9,10,11 

TYPE  OPERATION  NUMBERS  TO  BEGIN  AND  END  INTERACTION  WHEN  PLANNING 
SEQUENCE  OF  OPERATIONS.  OR  C/R  FOR  ALL  OPERATIONS 
*>0 ,110 

TYPE  OPERATION  NUMBERS  TO  BEGIN  AND  END  INTERACTION  WHEN  PLANNING 
DETAIL  OPERATION  DATA,  DR  C/R  FOR  ALL  OPERATIONS 
20,110 


[nrormat  ion  rciiui  reii  to  iieve.lop  n now  process  plan  is  entt're.l.  The  lot 
size  is  proviiled  and  the  process  planner  states  whether  decisions  with  respect 
to  the  selection  of  machines,  tools,  etc.  should  be  based  on  minimum  production 
cost  or  time. 

The  process  planner  sivcifies  the  level  of  interaction  desired  by  enter- 
ing, the  intei'act. i on  points  he  wishes  to  use.  Selection  of  an  optional  inter- 
action point  enables  him  t o review  and  aci'ept/modi  fy  the  associut.ed  CITT 
decisions.  He  may  request  the  interaction  for  the  entire  plan  or  som<.'  portion 
of  it.  The  above  example  shows  that  interaction  is  requested  bepinninp  with 
Operation  20  and  endiut;  with  Operation  110.  Also,  interaction  in  requested 
in  both  the  plminirif’  of  a nequetice  of  operations  and  detail  plannintt  of 
ope rat  ions . 


! 
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Interai^Mon  Point  3 


UTRC  CPPP  SYSTEM.  ACCEPT/MOOIFY  GENERATED  OPERATION 
OP  29  DESCRIPTION  TURN 

NACH  CLASS  1=  400  BAR  MACHINE  MACH  CLASS  2 (NONE) 

MACHINE  TOOL  SPECIFIED  (NONE) 


T 

t 


M 

1 


I 

I 

i 

I 

1 

1 

I 


lofofogrgggucggrgccuggrggggrcro 

EeoeeeRHRRRORRRHRRRDRRHRRRRHREe 
00800001 1 i 122233344455566667788 
1234567026925925825815804581601 
X XXX  X 

Ti'PE  C R TO  ACCEPT  OPERATION,  OR  TYPE  AN  OPTION.  AND  REQLURED  DATA 
l.NEH  OP  DESCRIPTION  2. MACHINE  CLASS  NUMBER  vl  OP  2 >• CODE • NAME 
3. MACHINE  TOOL  CODE, NAME  4, LIST  OF  ADDED  CUTS  5. LIST  OF  DELETED  CUTS 
6 tCHANCES  SETUP)  7 (DELETES  OPERATION)  8 cSHOUS  MACHINE  DaTa' 

9 (TERMINATES  PLANNING) 

8 


At  tliu;  int  t'c.'U’t  ion  point,  t ho  proooo-o  pUinnoi’  roviowo  an  oporation 
('.onorat  Oki  l\v  ;i  pfooo:!::  kiooiaiv'n  mi'ilol.  Tiio  liiapla.v  appoara  irunoUiat  ol y 
at'tt'r  t ho  opon.at  ion  in  p.onor.at  tal , hot'oro  suhsoiiuont  oporation;'  aro  liot'inoki. 
'[’horot'oro,  .any  u:'t'r-:-.pooi  fioU  k-fuaiifio;^  .art,'  taken  into  ju'ooutit  in  t tie  oxoout  iini 
ot‘  t tu'  romain,lor  of  t tie  ptvoo;^;;  tnoUol. 

Tiio  opor.at  ion  ilo:'oi'ipt  ion  and  moi\ino  oTa;?!'.(o;;  1 t o bo  ootn'-idorod  (or 
spt'oifiod  r.aoliint'  toot)  ai’o  tUiown.  Tho  p.art  ;'.nrfaoo;'. ''I'oatairo;'.  to  bo  out  or 
prooo;'.;'.od  aro  indioatod  by  lioavy  litio;^  in  tlio  workpiooo  r.kototi  .and  by  X';'. 
in  t tio  ;^ur f.ai'o,  fo.at  uro  n.'imo  liat.  Tiio  ;'.kotoii  i:?  oriont.od  ;'<o  t li.at  t lio  froo 
ond  i;'.  to  ttu'  ripdit  . 

Tho  prviooai!  pl.annor  o.an  ohaiv^o  any  of  tt»o  data  a:'.;'oo  iat  od  witli  tho 
opor.at  ion.  llo  oai\  ohooao  to  doloto  it  ontiroly. 


i!*; 
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Internet,  ion  I’oint  1* 


I 

I 


I 

LDFDFOGRGCCHCGGRCCGUCGRCCGCRGRO  I 

E eeeeeRHRRRORRRHRRRORRHRRRRHREe 

eeeaeeei  1 n222333444S?566667r88  , 

123436  78269239238238 1 388438 1681  [ 

X XXX  X I 

TYPE  C^R  TO  ACCEPT  OPERATION;  OR  TYPE  AN  OPTION.  AND  REQUIRED  DATh 
l.NEU  OP  DESCRIPTION  2.NACHINE  CLASS  NUMBER  (1  OR  2>. CODE. NAME 
3, MACHINE  TOOL  CODE. NAME  4, LIST  OF  ADDED  CUTS  5. LIST  OF  DELETED  CUTS 
b (CHANCE  SETUP)  7 ( SHOU  MACHINE  DATA)  8 (END  SEQUENCE  OF  OPERATIONS'  | 

9 (TERMINATES  PLANNING) 

MCNIIC 

I 

« 


UTRC  CPPP  SYSTEM  INTERACTIUELY  DEFINE  OPERATION 
OP  28  DESCRIPTION-  TURN 

MACH  CLASS  1-  8 MACH  CLASS  2 (HONE) 

MACHINE  TOOL  SPECIFIED  (NONE) 


Hy  ropot  i t i VO  iio.o  of  tiiis  intorMotion  point,  a aocpionoo  of  operations  is 
(’otK'ratovi  without  a proeess  dooision  model.  Before  an  operation  is  defined, 
tile  display  appears  without  operation  data  specified  and  with  tlie  current 
workpiece  shape  shown  in  the  sketch.  if  no  more  operations  are  desired, 
option  B is  used  to  sif^nal  completion  of  tiie  sequence  of  operations.  Other- 
wise, options  I throup.h  P are  used  to  define  anotlier  operation.  BOTURN  is 
typed  to  indicate  completion  of  an  operation.  The  operation  data  is  then 
stored  by  Cm'  and  the  definition  of  a new  operation  can  bepin. 
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THIS  PAGE  IS  BEST  QUALITY  PRACIICABIjiR 
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Int eruotion  Point  5 


UTRC  CRPP  SYSTEH  ACCEPT/HOOIFY  SEQUENCE  OF  OPERATIONS 


LOFDFDGRGGGUGGGRGGGUGGRGGGGRGRO 
E000eeRHRRRDRRRHRRRORRHRRRRHRE0 
00000001 1 1 122233344455566667788 
1 2345670269259258258 1 580458 1 601 


60  TURN  AUTOMATIC  CHUCKER  NC  LATHE 

1 1 1 1000000000800880000000600000 
70  HAND  REAM  THRU  BORE  BENCH  LAP 

000006000000000000000000000000 1 
80  HONE  THRU  BORE  AUTOMATIC  HONE 

000000000000000000000000000000 1 
90  GRIND  LONGEST  00  OD  GRINDER 

0000 1 1 0000000000000000000000000 
100  GRIND  FREE  END  SURFACE  GRINDER 

1 000000000000000000000000000000 
(THERE  ARE  MORE  OPERATIONS) 

TYPE  C/R  TO  ACCEPT  SEQUENCE  OR  TYPE  AN  OPTION  AND  REQUIRED  DATA 
1 (SHOW  MORE  OPS)  2 (SHOW  PREUIOUS  OPS)  3 (SHOW  MACHINE  DATA^ 

4 OP  NUMBER  (HIGHLIGHT  CUT  SURFACES)  5. NOT  AVAILABLE 

6, NOT  AVAILABLE  7, OP  NUMBER  (TO  DELETE)  8 aERMINATE^ 


The  t'cquence  ot’  operntionn  cnn  bo  roviewod  and  modified  at  inter- 

/ action  point. 

The  sketch  shows  the  final  workpiece  shape.  Data  for  operatio!is,  in  sets 
of  five,  are  displayed  — operation  n\imber,  description,  machine  class,  second 
machine  class  or  specified  machine  tool,  and  siirfaoes/features  cnt  or  processed. 
Tlie  latter  are  indicated  by  "1"  luuier  the  surface 'feature  name. 

Options  1 and  2 pennit  pacing  to  the  next  and  previous  sets  of  five 
operations.  At  present,  the  process  planner  can  modify  the  sequence  only 
by  deleting  operations.  Future  options  could  permit  modification  of  any 
operation  data  as  well  as  addition  of  operations. 


i„,sP.aEis«K.T<iu«unn<ACTi^ 


I nt.i'i-fn’t.  i on  I’oiiit.  (•> 


UTRC  CPPP  SYSTEM  ACCEPT/HODIFY  MACHINE  TOOL  CANDIOATES 

OP  20  DESCRIPTION  TURN 
MACH  CLASS  BAR  MACHINE 


MACHINE  TOOLS  TO  BE  CONSIDERED  FOR  THE  OPERATION  ARE 
401  B«.S  NO  4 AUTOMATIC  403  TABER 

404  PETERMAN  P25 

HIT  C'K  TO  ACCEPT  CANOIOATES  OR  TYPE  AN  OPTION  AND  REQUIRED  DmTh 
MIST  OF  MACHINE  COOES  TO  BE  DELETED  2 '-SHOW  MACHINE  DAT^^' 
<1,403 


'I’hi'  m;n'hiii>'  tools;  to  bo  I'oiis;  uii'i-i'il  1\'r  ;i!i  s>p<T;sl.  i on  nr,'  si  i ;;p  I iiycni . Tlx- 
pr'oot's'.s;  plnisniT  cssn  o I i mi  nnl  o msn'hitii'  tools;  I'fi’iss  I'oss;;  i siiM’si  t lots.  An  opt. ion  to 
••nbt  I'.'iml  iOsit. os;  s’onl>t  bo  proviilini  in  tin'  fiit  sst-i'. 

i''ni'o  tin'  pfoi'i's;:;  pl.'uinoi'  sipprsivos;  ( lio  of  s'nisil  i dJil  <'  stsnc'li  i ni's; , I l\o 

opi'i'.'it.  i on  is;  sU't.n  i 1 <'il  for  I'sn'ls.  ('o;;t  iiinl  tim<'  ns'o  I'n  I on  1 .'i  I o.l  for  I'sioh 
(sisiohino  siisii  SI  I'lmiot'  is;  msnli'. 


ISO 
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1 itt.oi-iiot, ion  IVitut  Y 


UTRC  CPPP  SYSTEH  ACCEPT/HODIFY  CUT  SEQUENCE  CANDIDATES 

OP  28  DESCRIPTION = TORN 

CANDIDATE  MACHINE  TOOL  BIS  NO  4 AUTOMATIC 


n.iT  SEQUENCES  TO  BE  CONSIDERED  FOR  THIS  MACHINE  APE 

1 0004  0006  F005  RE80  LE01 

2 D004  PE80  0006  F005  LE01 

3 D006  F005  RE80  0004  LE01 

MIT  C-P  TO  ACCEPT  CANDIDATES  OR  TYPE  IN  OPTIONS  AND  PEOLdPEO  DmTA 
'..SEQUENCE  OF  SURFACE  ELEMENT  NAMES  TO  BE  ADDED 
2. LI  ST  OF  CUT  SEQUENCE  ID'S  TO  BE  DELETED 
2,3 


Tito  cnt  soquencon  to  be  conaiclered  in  performing  (ui  operiition  on  ii 
enndidnte  mneiiiiu'  tool  are  displayed.  The  prooess  planner  ean  remove  sequenee 
from  eon;' i derat  i on  or  specify  additional  eandidates. 

After  1 1)0  list  of  candidate  cat  i.t'qnt'ix'f's  i:'.  final,  the  opei'ation  is 
planned  fi'r  i';ich  ‘.'.eqvience  o)i  t.ht'  machini'  beinp,  ciMis.  i di'red , Cost,  and  t inv' 
are  C!i  1 cn  1 at.eii  ai\d  the  h<'st  si'qnence  is  chosen. 


IM 


THIS  PAGE  IS  BEST  QUALITY  nUCTICABIiS 
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liit  i'i’in't.  iim  I'll  i lit  8 


UTRC  CPPP  SYSTEH  ACCEPT/MOOIFY  CUTTING  TOOL  CANDIDATES 

OP  20  DESCRIPTION  TURN 

CANDIDATE  MACHINE  TOOL  BiS  NO  4 AUTOMATIC 


1 

D004 

TURN  OPN  DIA 

(TO) 

1 

•7 

■y 

0006 

TURN  t FORM 

( TS) 

>5 

1 

F005 

3 

RE80 

FACE  OPEN 

(FO) 

1 

7 

4 

LE01 

CUTOFF 

(CO) 

1 

1203-001  2 1203-003 

1203-005 

1203-001  2 1203-003 

1203-007 

1203-002  2 1203-004 

1203-006 

1 20 7-00 1 2 1207-002 


' THERE  ARE  NO  MORE  CUTS ) 

HIT  C R TO  ACCEPT  CANDIDATES  OR  TYPE  AN  OPTION  AND  REQUIRED  DATA 
1 SNOW  MORE  CUTS)  2 (SHOW  PREUIOUS  CUTS'' 

: :UT  ID<  LIST  OF  CUTTER  ID'S  TO  BE  DELETED 

4 CUT  ID,  LIST  OF  NEW  CUTTER  TOOL  CANDIDATES 

CUT  ID.  LIST  OF  NEU  CUTTER  TYPE  CANDIDATES 

>4  3,1203-005 


Al'ti'f  I'aiiU  i lint  i'  I'lit  '.a'lnu'iu’o:!  havi'  tuaMi  Uot  i-rmi  ncU  for  a oaiuliUatt' 
mai’hiin',  till'  t.vpi';:  oi'  fill  a avf  Uot  I'rmi  Utal . Cut  I t'r  li'ol:!  to  bo  i'on:i  i liovod 
t'of  iviv’li  I’ut  aro  I Ik'm  .iot.ornii  nod . Tho  oandidato  out  I ora  may  bo  partioular 
tool:;  Of  tool  typo:-.. 

Ttio  diaptay  odiow:;,  in  ofdor,  t ho  out:;  tv'  bi-  maviv'.  ’I’lu'  •.:urI'av'o:;  v'uf , t.ypi' 
I't’  vMit  , athi  oaiivlivlati'  oultora  afi’  pivi'ii.  Thi'  prv'oi':;:;  planiu'f  oan  fonu'vo 
iMitti-ra  from  va'ini  i vli'oat  iv'ii  or  in:;oft  tu'w  v’atui  i viat  o:; . 'I’hv'  abv'W'  I'xjuiiplv'  odiowa 
tliat  out  tor  1 .'(■> '-(ti)')  in  1 1'  b<'  avitivai  tv'  t h<'  vnuui  i vtat  I'a  t'l'f  out  numbi'f  i 
( Kaoo  Opon  ) . 

At'ti'f  t ho  out  tor  oativi  i vtaf  o::  aro  aoi'opti'vi,  niaohininp  paramv't  I'V:;  an' 
vlv'l  ('fill  i tu'vl  I'v'f  oaoh  I'anvi  i vlat  v' . 


1‘'.' 


I 
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lutcr.'U’tion  I’oitU. 


( 


.i 


UTRC  CPPP  SYSTEM.  ACCEPT/HOOIFY  MACHINING  DATA 
OP  2t  DESCRIPTION:  TURN 

CANDIDATE  MACHINE'  BiS  NO. 4 AUTOMATIC  CUT  TYPE'  TURN  OPN  DIA  (TO) 
CANDIDATE  CUTTER'  12B3-BB3  SURFACE(S)  0804 


01  NO  OF  PASSES  > 1 

«02  CUT  DEPTH  « .088  IN 
*03  FEED  > 005  I PR 
t04  SPEED  « 2226. RPM 

05  CUT  RATE  « 195  CU  IN/MIN 

06  CUT  TINE  > .36  MIN 

07  CUT  COST  - # 00 

08  TOOL  LIFE  - 30.8  MIN 

09  PARTS  PER  TOOL  ■ 83 

TYPE  C/R  TO  CONTINUE 


Ttu'  maoJiininr,  U.-it-.n  (\ir  n o.-itid i liato 
p.'i .aro  aoi  oiirront. ly  o.al c’nlala'd 


10  UOLUME  REMOUEO  « 05  CU  IN 

11  RAKE  ANGLE  « 0 OEG 

12  HOSE  RADIUS  > 000 

13  TOOL  MATERIAL  <6 

14  COST/EDGE  >1  OO 

15  FORCE  ON  TOOL  TIP  » 00 

16  HORSEPOWER  > 00 

17  SPINDLE  TORQUE  > 00 


inp,  t.ool  .an-  diaplayod.  i'ovt'ral 
Thi'i't'  o.aa  bt'  adib'd  in  t ho  t’lituia'. 


At.  pros'.oat. , t.ho  procoan  pl  .aiiaor  la  not. 
tnaohinitip:  par.amot.ora  . Kutufo  t'titi.aiioonK'iit.a 
potuioiit.  p.aramot.ora  (o.p,.,  food  and  apc'od), 
(iopotui<'r)t,  valiio;; . 


;iMo  to  modify  t.lio  ri'I’l'-dot  orni  nod 
oo\ild  pormit.  him  to  otnittf-a'  iiuio- 
witii  aiit.om.at  io  rooalonl.at  ion  of 


I'ji 


1 


I 


I 


/ , 
'I' 

I 

I 
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I nteract  ion  Point  10 


UTRC  CPPP  SYSTEM.  ACCEPT/HOOIFY  SELECTED  TOOL  COMBINATION 

OP  20  DESCRIPTION = TURN 
CANDIDATE  MACHINE  TOOL  = BI>S  NO.  4 AUTOMATIC 
SEQUENCE  0004  0006  FO05  RE80  LE01 

CUT  TYPE  TO  TS  FO  CO 


• I • 


I*'*  !••• 

I • ••.  1 # *•  #•* » » • ( * » »• 

....  t..,  l...  ....  s.^,... 


"t-rr 


TIME 

COST 

ID 

CANDIDATE 

CUTTER  COMBINATIONS 

8 00 

$ 

150  00 

17 

TO 

1203-003 

TS 

1203-007 

FO 

1203-004 

CO 

1207-001 

8 50 

$ 

175  00 

18 

TO 

1203-005 

TS 

1203-007 

FO 

1203-004 

CO 

1207-001 

8 25 

1 

149  66 

19 

TO 

1203-001 

TS 

1203-001 

FO 

1203-006 

CO 

1207-001 

8 00 

f 

149  66 

20 

TO 

1203-003 

TS 

1203-001 

FO 

1203-006 

CO 

1207-001 

(THERE  ARE  MORE  CANDIDATE  COMBINATIONS) 

COMBINATION  19  HAS  BEEN  CHOSEN  FOR  MINIMUM  COST 

TYPE  C/R  TO  ACCEPT  CHOICE  OR  TYPE  AN  OPTION  AND  REQUIRED  DATA 

1 (SHOH  MORE  DATA)  2 (SHOH  PREUIOgS  DATA)  3, ID  OF  PREFERRED  CHOICE 

2 


Identi fication  of  candidate  cutting  tools  for  each  cut  determines  a 
number  of  possible  tool  combinations.  If  there  are  four  cuts  with  two,  four, 
three,  and  two  cutter  candidates,  for  example,  then  there  are  forty-eight 
possible  tool  combinations.  Using  time  and  costs  calculated  for  each  can- 
didate cutter,  CPPP  determines  the  time  and  cost  for  each  tool  combination 
(to  a maximum  of  30  combinations). 

At  this  interaction  point,  each  tooling  combination  that  was  evaluated 
is  displayed.  The  time  and  cost  associated  with  each  is  shown  and  CPPP's 
ciioice  is  given.  The  process  planner  can  examine  this  data,  paging  forward 
and  backward  with  options  1 and  2.  Option  3 permits  him  to  override  CPPP's 
choice.  Once  the  choice  is  finalized,  the  cutter  tools  for  the  current  machine 
tool  and  cut  sequence  are  determined. 


l^lt 
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[iitornotion  Foitif.  JI 


UTRC  CPPP  SYSTEH  ACCEPT/MOOIFY  SELECTED  CUT  SEQUENCE 

OP  20  DESCRIPTION  TURN 

CANDIDATE  MACHINE  TOOL=  BiS  NO  4 AUTOMATIC 


TIME  COST  ID  CANDIDATE  CUTTING  SEQUENCES 


0 251  t 149  66  1 D004  0006  F005  RE80  LE01 
8 612  S 175  00  2 0004  RESe  0006  F005  LE01 
THERE  hPE  no  MOPE  CANDIDATE  SEQUENCES) 

SEQUENCE  1 HAS  BEEN  CHOSEN  FOR  LOWEST  COST 

HIT  CP  TO  ACCEPT  CHOICE  OR  TYPE  AN  OPTION  AND  REQUIRED  DATA 
I 'SHOU  MOPE  CUT  SEQUENCE  DATA)  2 -SHOW  PREUIOUS  CUT  SEQUENCE  OATh' 
7 10  OF  PREFERRED  CHOICE  4,  ID  OF  CUT  SEO  (SHOW  SELECTED  TOOLS'' 

4,2 


Thin  intf'fiict.  ion  point  occurs  nl'tcr  cut 
p.'irjimotors  are  liet.t'rmlncd  for  oacl\  cniulidatc 
t.lu'  liest  sequence  on  a timi’  or  cost  basis, 
are  displayed.  Tin'  time  and  cost  calculated 


types,  t ool  i Hi-':,  and  machining, 
cut.  sequence,  CITF  choi>ses 
Tlie  candiviat.es  and  the  choicv' 
fcir  each  candidate  are  siiown. 


Options  1,  anvi  It  pi'rmit  review  of  tiie  opera!  ivm  tis  planncvi  fvM-  eavdt 
cut  seqtjence,  ClTT''s  cltolce  of  cut.  seqtienv’e  ctin  he  ovv’rrividen  usiiifT  ttpl  iv'n 
■i.  After  the  cheiit'e  of  cut  sequence  is  finttl,  the  dt'tailevl  plan  for  tin' 
cmuii viat.e  machine  tool  is  det.ermined. 
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I 

Interaction  Point  12 


UTRC  CPPP  SYSTEH,  ACCEPT/HOOIFY  SELECTED  MACHINE  TOOL 
OP  20  DESCRIPTION^  TURN 


TIME 

COST 

ID 

MACHINE  TOOL 

8 251 

f 

149  66 

1 

BiS  NO  4 AUTOMATIC 

8 438 

f 

158  00 

2 

TABER 

9 315 

i 

175  00 

3 

PETERMAN  P25 

MACHINE  TOOL  1 HAS  BEEN  CHOSEN  FOR  LOWEST  COST 

TYPE  C/R  TO  ACCEPT  CHOICE  OR  TYPE  AN  OPTION  AND  REQUIRED  DATA 

I, ID  OF  MACHINE  TOOL  (SHOWS  SELECTED  CUT  SEQUENCE) 

2.10  OF  MACHINE  TOOL  (SHOWS  MACHINE  TOOL  DATA  - NOT  AUAILABLE^ 

3.10  OF  PREFERRED  MACHINE  TOOL 

4 (SHOW  MORE  CANDIDATES) 

5 (SHOW  PREVIOUS  CANDIDATES) 

>1,1 


After  a plan  lian  iieen  detcrminrc)  for  each  candiihite  machine  tool,  a 
choice  is  made  on  the  basis  of  time  or  cost.  This  interaction  point,  displays 
the  data  associated  with  each  candidate  machine  and  allows  the  process  pljinner 
to  override  CPPP's  choice. 

The  process  planner  may  use  options  1,L,  and  5 to  review  t.lie  plan  asso- 
ciated with  each  candidate  machine.  Opt  ioi\  3 enables  him  to  chanj^e  the  choice 
of  machine  tool.  After  the  machine  tool  to  be  used  is  finalised,  a detailed 
plan  for  the  operation  has  been  established. 


1% 
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Interaction  Point  13 


UTRC  CPPf  SYSTEM.  MCCCPT/MQOIFY  DETAILED  OPERATION  PLAN. 

OP  2t  DESCRIPTION'  TURN 
MACHINE  TOOL'  BU  N0.4  AUTONATIC 


ID  CUT  CUT  TYPE 

1 0004  TURN  OPN  01 A (T0> 

2 0006  TURN  i FORM  (TS> 
F005 

3 RE80  FACE  OPEN  (FO) 

4 LE01  CUTOFF  (C0> 


TOOLS 


1203-001 

1209-100 

1203-001 

1209-100 

1203-006 

1209-101 

1207-001 


1209-002 

1209-002 

1209-004 


TYPE  CyR  TO  ACCEPT  OPERATION  PLAN  OR  TYPE  AN  OPTION  AND  REQUIRED  DATA 
1 (SHOWS  MORE  CUTS)  2 (SHOWS  PREUIOUS  CUTS) 

3 (SHOWS  NACHINING  TOOL  DATA)  4. CUT  ID  (SHOWS  NACHINING  DATA > 

9, NEW  OPERATION  DESCRIPTION  6, CUT  ID.  LIST  OF  NEW  TOOLS 

7 (REPLACES  OPERATION  WITH  INTERACTION)  8 (TERMINATES  PLANNING) 

>4.2 


This  interaction  point  provides  for  review  and  modification  of  the  de- 
tailed plan  for  an  operation.  A.11  data  for  the  operation  can  be  reviewed. 

All  components  of  composite  cuttin^^  tools  are  listed,  rather  than  .lust  the 
cutter. 

The  process  planner  uses  options  1 and  2 to  page  through  the  outs  in  the 
operation.  The  operation  description  and  tooling  may  be  changed.  If  option 
7 is  exercised,  ttie  detailed  plan  for  the  operation  is  redeveloped  using  all 
interaction  points  (6  through  12).  This  allows  an  operation  to  be  replanned 
with  maximum  interaction  by  the  process  planner. 
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Interaction  Point  ll* 


UTRC  CPPP  SYSTEH.  ACCEPT/HODIFY  FINAL  PROCESS  PLAN  DATA 


TIME 

COST 

OP  t DESCRIPTION 

MACHINE  TOOL 

BB 

BB 

IB 

DRAW  MATERIAL 

ORAN  MATERIAL  BENCH 

6 

72 

317 

92 

20 

TURN 

B&S  NO  4 AUTOMATIC 

1 

3B 

32 

so 

30 

MEAT  TREAT  PER  PMP510 

HEAT  TREAT  FURNACE 

1 

88 

52 

73 

40 

GRIND  LONGEST  00 

CINN  C'LESS  BAR 

4 

92 

629 

31 

SB 

DRILL  THRU  BORE 

DEHOFF  2 SPINDLE 

2 

4B 

210 

B0 

60 

TURN 

LIS  PT15 

42 

25 

42 

70 

HAND  REAM  THRU  BORE 

BENCH  LAP 

2 

25 

847 

24 

80 

HONE  THRU  BORE 

MICROMATIC  723 

3 

35 

168 

80 

90 

GRIND  LONGEST  00 

BLS  NO  5 

1 

88 

293 

24 

100 

GRIND  FREE  END 

BiS  (8X24) 

9 

25 

622 

00 

110 

CRUSH  GRIND  0 SEAL  CROOUES 

UAN  NORMAN  418 

9 

08 

783 

84 

120 

CRUSH  GRIND  GROOUES 

UAN  NORMAN  418 

00 

00 

130 

OEBURR  PART 

UIBRATORY  TUB 

00 

00 

140 

STRESS  RELIEF  PER  PMP110 

STRESS  RELIEF  FURN 

00 

00 

150 

MASK  NITRIDEO  SURFACES 

MASKING  BENCH 

00 

00 

160 

COPPER  PLATE  PART  PER  PHP210 

TANK  - COPPER  PLATE 

00 

00 

170 

UNMASK  PART 

TANK  - COPPER  PLATE 

2 

67 

847 

25 

180 

HONE  THRU  BORE 

MICROMATIC  723 

00 

00 

190 

NITRIDE  PER  HS1173  AND  PMP505 

FURNACE 

00 

00 

200 

STRIP  COPPER  PLATE  PER  PMP210 

TANK  - STRIP 

* 1 , 

82 

6099 

32 

TOTALS  (THERE  ARE  MORE  OPERATIONS) 

TYPE  C/R  TO  ACCEPT  SEQUENCE  OR  TYPE  AN  OPTION  AND  REQUIRED  DATA 
1 (SHOWS  HORE  OPERATIONS)  2 (SHOWS  PREUIOUS  OPERATIONS' 

3.  NOT  AUAILABLE 

4,  MOT  AUAILABLE 

Z NOT  AUAILABLE  6, OPERATION  NUMBER. NEW  DESCRIPTION 

7 OPERATION  NUMBER. NEW  MACHINE  TOOL 
S OPERATION  NUMBER  (SHOW  OPERATION  PLAN) 


The  complet  eii  proci'nn  plan  can  be  revieweil  aiul  moii i t’i ed  at.  thi:'  int.er- 
act.ion  point..  Tin-  liic.play  ^';ivtn•.  t lie  der.c  r i pt  ion , machine,  time,  an.l  cord,  for 
eaci>  viperat  ion.  nu-  dercription  and  mai'iiine  can  be  cliaiif^ed.  Tht'  d<'t  ailed 
plan  for  any  operat.ion  can  be  reviewed.  A fni  1 capability  to  adti,  lielett', 

•and  modify  operation;-,  cmild  be  implem«'i\t  ed  in  the  future. 
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Interaction  Point  I'y 


UTRC  CPPP  SYSTEM  TERMINATE  PROCESS  PLANNING  SESSION 

TYPE  C/R  TO  SIGN  OFF  OR  TYPE  NUMBER  OF  SELECTED  OPTION 

1 PRODUCE  SUMMARY  OF  OPERATIONS 

2 PRODUCE  OPERATION  SHEETS 

3 PRODUCE  SUMMARY  OF  OPERATIONS  AND  OPERATION  SHEETS 

4 SAUE  PARTIAL/COMPLETED  PLAN  JUST  GENERATED  (WT  VET  MMIL^E) 
3 START  ANOTHER  PROCESS  PLANNING  SESSION  (NOT  YET  MMILMLE) 

>3 


A OI’Fr  c, ear, ion  is  terminated  at  this  interaction  point.  The  process 
planner  can  direct  tiiat  a summary  ol'  operations,  detailed  operation  sheets, 
or  hot.li  bo  output.  These  are  produced  by  a line  printer  and  plotter.  At 
present,  tdie  session  must  end  with  t.he  user  typing  RETURN  to  end  liis  terminal 
session.  Future  options  could  permit  saving  a partial/complete  pliui  in  com- 
puter storage  and  starting  a new  CFPP  session. 
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APPENDIX  C 

MANUFACTURING  DATA  BASE 


CPPP  requires  a large  data  base  containing  a variety  of  manufacturing 
information.  This  is  a local  data  base  in  the  sense  that  its  content  is 
determined  by  the  manufacturing  practice  and  environment  of  a particular 
workshop.  The  size  of  the  data  base  and  the  frequency  with  which  it  will 
be  accessed  require  that  it  be  efficiently  organized  and  managed. 

The  current  manufacturing  data  base  is  divided  into  six  files; 

1.  Part  file 

2.  Process  decision  rule  file 

3.  Machine  tool  file 

h.  Cut  application  file 

5.  Cut  parameter  file 

6.  Machinability  file 

Five  of  these  contain  essentially  numeric  data.  The  process  decision  model 
file  contains  manufacturing  rules  rather  than  numeric  data.  In  addition  to 
the  files  listed  above,  there  are  temporary  files  created  by  the  CPPP  system 
for  use  in  subsequent  processing. 


File  Content  Descriptions 


Part  File 


The  part  file  contains  part  design  and  raw  material  specifications.  The 
design  specifications  are  equivalent  to  design  drawings , giving  a full  geometric 
description  of  the  part  as  well  as  other  information. 

The  file  consists  of  an  index  and  part  descriptions.  The  index  simply 
lists  the  part  numbers  contained  in  the  file,  giving  the  location  and  length 
of  each  part. 

A part  description  is  itself  a hierarchial  data  structure  that  consists 
of  a part  header  block,  surface  and  feature  blocks,  and  geometric  control 
blocks.  The  part  header  block  contains  general  information  on  the  part  — 
part  name  and  number,  part  family,  classification  code,  material  and  material 
hardness,  raw  material  form,  overall  part  size,  latest  engineering  change  and 
process  plan  revision  number,  etc. 


irMie,  ' 


Finished  part  and  raw  material  geometries  en:e  specified  using  data  blocks 
which  describe  surfaces  and  features,  A surface  is  a portion  of  the  cylindrical 
part  geometry  that  can  be  represented  by  a canonical  geometric  form.  The  CPPP 
system  handles  three  surface  types; 

(1)  Diameters,  described  by  cylinders  whose  axes  are  the  cylindrical  ji 

part's  axis  of  rotation. 

(2)  Faces,  described  by  planes  perpendicular  to  the  part's  axis  of 
rotation. 

(3)  Tapers,  described  by  cones  whose  axes  are  the  part's  axis  of 
rotation. 


Feature  blocks  are  used  to  describe  features  machined  into  surfaces . 

These  may  be  of  two  types: 

(1)  The  feature  is  a surface  of  rotation  about  the  part  axis.  In  this 
case,  if  the  feature  has  more  than  one  surface,  the  feature  block 
serves  as  a linkage  between  the  parent  surface  and  the  surfaces 
composing  the  feature.  In  this  class  Eire  grooves,  recesses,  chamfers 

(2)  The  block  describes  a noncylindrical  featvire  in  the  basically 
cylindrical  geometry.  It  may  also  specify  a feature  which  is 
geometrically  cylindrical,  but  whose  axis  is  not  '^he  part  axis 
(e.g.,  a radial  hole).  This  type  of  feature  block  is  used  for 
slots,  radial  holes,  bolt  holes,  lugs,  face  windows,  threads, 
and  flats. 

j 

The  individual  surface  and  feature  blocks  are  integrated  into  a full  part 
geometry  description  by  hierarchical  chaining.  Primary  part  surfaces  compose 
the  highest  level.  There  is  also,  for  each  primary  surface,  a chain  (possibly 
empty)  containing  the  features  machined  into  that  surface.  For  each  multi- 
surface cylindrical  feature,  there  is  further  a chain  containing  the  surfaces 
of  the  feature.  Feature  and  surface  chains  continue  to  alternate  in  this 
manner  until  the  lowest  level  surf aces /features  are  described.  Figure  Cl 
illustrates  the  chaining  mechanism. 

The  data  content  of  surface  and  feature  blocks  is  divided  into  common 
attributes  and  paxticulao'  attributes.  Common  attributes  are  relevant  to 
all  surfaces/features  and  appear  in  all  blocks.  These  give  such  data  as, 

1 block  type,  , surface/feature  name,  pointer  for  chaining,  pointer  to  canon- 

i ical  geometric  representation,  and  governing  surface.  Particular  attributes 

I give  information  applicable  to  one  or  more  surface/feature  types,  but  not 

I to  all.  ParticTJlar  attributes  of  a radial  hole,  for  example,  include 


r 


SURFACE  AliD  FEATURE  BLOCK: 
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diameter,  diametral  tolerance,  depth,  depth  tolerance,  drill  point  angle, 
point  of  entry,  and  surface  finish. 

Geometric  control  blocks  are  used  to  state  geometric  constraints  such 
as  concentricity,  angularity,  and  straightness.  One  or  more  geometric  control 
blocks  may  be  associated  with  each  surface  or  feature  block. 

Machine  Tool  File 

The  machine  tool  file  contains  data  on  machine  classes  and  machine  tools. 
The  machine  class  data  contains  the  machine  class  name  plus  average  diametral 
and  lateral  stock  removal. 

The  data  describing  a machine  tool  consists  of  general  data  given  for 
all  machines  and  specific  data  relevant  to  the  machine's  class.  The  gen- 
eral data  includes  the  machine  tool  name,  number,  and  location;  a mxmher 
of  time  and  cost  related  parameters  (e.g.,  operator  cost  per  hour,  machine 
rate,  average  time  for  basic  setup  and  additional  setup  time  per  tool, 
average  tool  change  time,  average  piece  load  time);  and  minimum  diametral 
and  lateral  stock  removal. 

The  specific  machine  tool  data  in  the  file  is  a function  of  the  machine 
tool's  class.  It  is  present  for  cylindrical  metalcutting  machine  classes  such 
as  lathe,  deep  hole  drill,  crush  grinder,  internal  diameter  grinder,  outside 
diameter  grinder,  surface  grinder,  and  hone.  This  data  is  used  to  help  select 
the  proper  macnines.  Data  for  a lathe,  for  example,  includes  minimum  and  maxi- 
mum part  length,  maximum  chuck  diameter,  type  of  control  (manual,  automatic, 
or  N/C),  horsepower,  number  of  spindles,  and  maximum  speed.  The  number  of 
tool  positions,  longitudinal  stroke,  cross  stroke,  niupber  of  feeds,  minimum 
feed  and  maximum  feed  are  given  for  the  turret,  front  slide,  and  rear  slide. 
Drilling  depth  and  maximum  drill  diameter  are  given  for  the  turret.  Number 
of  feeds,  minimim  feed,  and  maximum  feed  for  cutoff  are  also  included. 

Cut  Application  File 

This  file  includes  a list  of  each  cut  type  that  each  machine  tool  can 
make  and  the  tool(s)  or  type(s)  of  tool  it  would  use  to  make  the  cut.  It  is 
organized  hierarchically  by  machine  class  and  machine  tool. 

Each  machine  tool  has  a list  of  numeric  codes  for  the  cut  applications 
it  can  perform  and  for  each  cut  application  a set  of  alternate  cutting  tools 
or  tool  types  that  can  be  used.  An  entry  in  the  cutting  tool  set  represents 
a cutter  but  may  in  fact  be  from  one  to  three  separate  tool  numbers  — such 
as  holder,  insert,  and  chipbreaker  for  single  point  lathe  tools. 
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tMit.  rnrjunotor  File 

'Dir  (Mit  partuiiot.or  file  oontiilnr.  f i xod- 1 otiRth  diiiti  Mookr, , oiicJi  of  whicli 
Kivea  ctn-tfiln  miH’htntnK  pariuitotpra  for  a macliliio  ch'u;!;-parl.  ma(.<>rial  I'oml'iiia- 
tioa,  wit)i  tlu'  Mooka  in  raiuiom  order. 

Kaft\  data  Mook  eoniain!'  t.lie  rollowlnR: 

1.  Mao  Iliac  olaaa 

2.  Part,  material 

t.  Pd.ook  removal  allowance 

. Tolerance  informat  ion.  Tolerance!!,  hoMt  di;imi'tral  ,and  Pateral  , are 
Kiven  for  t lu'  following  caaeii : 

(ii)  HoiiKliinp:  or  aemi  fini.ah  tolerancen  which  are  jipplied  when  the  cut 

ill  followeii  l\v  .another  cut,  of  t.he  name  t.yj'e  {e.f.-:.  . thiji  luiaiin^.': 

cut  ii!  followed  hy  anot.her  tiirjiin^:  cut.) 

(h)  HoUf-'hi Ilf-’  or  aomlfiniah  t-olerjincen  which  are  appl  ic'd  whc'u  the  c'ut 
ic.  followed  hy  .'uiothcr  of  fi  different,  type  (c'.f.'.,  turn  folU'Wed 
by  f.'trind) 

(c^  Nc'rmally  denired  finiah  t.o  1 c'r.ani'e:: 

(d)  Tif-rhteat,  prac't.icnl  tole  raiu'c'  the'  machine  cjin  lu'ld. 

3.  thirface  ftniah 

(S.  Maximum  depth  of  cut  for  r<->UKlii tif-’  cuta 

r . Maximum  ciepth  of  cut.  for  finiah  cut. a. 

Machi  nat'i  1 i ty  Kile 

The  m/iehin.alii  1 i ty  file  provide!!  the  capahilit.y  tc*  oht.-iin  machiniiif-:  recivii- 
mc'udiit. i ona  and  !i  tool  life  eat.imate  for  a f-tiven  cut..  The  file  ia  oi'f^anii'.ed 
hierarchically  to  fjicilitat.e  aearchiuK  for  the  iipplicfihle  machi  nahi  1 i t.y  dat.'i: 

1.  l''ir!!t.  levc'l:  mai'hinc  t'laaa 

P'ceond  Ic'vel  : cut  type 

part,  material  deacript.ic>n 
hardne.aa  rarif-’c 


I 


l(di 


! 


J 


i 


[Jt 


1.  Tliij'il  lovol  : ilcpth  of  cut 

roc ommc ruled  tool  mntorinl 

j’oconunerulod  food 

or>t, Irmitod  tool  1 1 To  por  crdfijo 

. Fourth  l<'vcl:  part  material  apoci  Pleat. ion 
)'oco)iimoi)dod  r.pood 

A:;  the  i f omi  r.at  ion  ahovo  ahowrr,  provialoii  of  the  mav'hitro  claaa,  cut 
npi'l  icat  ion,  part  matr'i’ial  doaci'iption , haiutuoiur , and  depth  of  cut.  will 
dcti'rmine  rt'comiiu'irdcvl  tool  material,  recommended  feed,  and  entimated  toi>l 
lif<'.  If  t lu'  part  material  apeci  ficat  ion  ia  also  Kiven,  recommended  apeed 
ia  di't  ermiined . 

Tianpiu-ary  Ki  U'a 


'rher-t'  are  t'our  fill's;  into  which  Fl'l'r  sstorea  data  which  is;  i-etrieved 
for  l.'it  or  u',;e  : 

1.  Alternate  cut  :;eipi('nce  file 
Alti'i'nate  machini'  fill' 

t.  Ope  rat  Ivin  detail  file 
. Output  file 

orrv  p.enc  I'a  1 1 y comidei'a  more  t Iran  one  aenuence  of  cut. a for  a machine  tool 
and  moi'o  than  one  machine  t.ool  for'  a given  operation.  'Hiia  la  done  hy  planning 
till'  operat  ion  l\'r  aeveral  al  t ei'uat  i ves; , then  clu’oaing  the  moat  economically 
des;  ir'al'le  one.  The  alternate  cut  aeipience  file  is;  uaed  to  atore  data  on  the 
v'pi'i'.ilion  •ind  rcaulling  workpiece  geomi't  ry  for  diffei'ent  r.eipiencea  of  cuts;  on 
the  a.'ime  micliine  tv'ol.  When  the  I'cat  cut  aequence  for'  the  machine  t.'ol  is; 
dot  I'l'ini  nod , that  aequence's;  .h;t,a  i retrieved  aiui  iH'comea  the  datsi  for-  tint 
m:\chine  ti'ol.  The  alternate  m.'ichine  file  is;  \i;;ed  to  atore  dati\  on  the  opera- 
tion .-md  the  fisirl  gi'omel  ry  exirting  following  pei'fi'rmance  of  I lie  operation  I'or 
each  csuidi.iate  machine.  Otu  i'  the  moat  dei;irahle  machine  for  the  operat  ion  is; 
ctiossen,  the  ii.'ita  aaaocialed  with  that  machini'  is;  retrieved  for  u;;e  in  deacril'- 
ing.  the  operation  ittni  aa  the  input  p.eomet  ry  for  the  next  »iperat  ion. 

The  operation  detail  file  ia  uaed  to  at.ore  a record  of  each  operation 
planned.  This;  I'ecord  ci'naiat.r.  of  t he  fol  lowing.'; : 

1.  I'perat  ion  .lata.  This;  includes;  a numher  of  parametera  of  the 

operation  auch  aa  operat ion  numher,  operation  type,  machine  tool, 
act. up  t ime  and  lot  machining  t ime  atui  coat  . 


loo 


1 


R77-9U2625-11* 


2.  Cut  data.  Each  cut  made  in  the  operation  is  described  by  giving  cut 
type,  stock  removed,  per  piece  time,  tools,  surfaces  cut,  speed, 
feed,  etc. 

3.  An  end-of-operation  workpiece  geometry  description. 


The  output  file  is  generated  when  the  entire  process  plan  is  completed. 
This  file  contains  the  equivalent  of  process  sheets  (routing  sheet/summary  of 
operations  plus  individual  operation  plans).  This  data  is  stored  in  a form 
which  (i)  minimises  the  effort  necessary  to  output  it  using  the  devices  avail- 
able at  a given  computer  installation  and  (ii)  is  amenable  to  the  text-editing 
mode  of  process  planning. 


Procedures  for  Constructing  the  Data  Rase 

Each  of  the  five  numeric  files  is  generated  using  punched  cards  or  their 
equivalent.  Each  file  is  built  from  a card  deck  containing  the  entire  file, 
rather  than  being  incrementally  built/modified.  A stand-alone  input  program 
processes  each  deck.  The  format  and  content  of  each  of  the  input  decks  is 
given  below. 

Part  File 

The  input  deck  for  the  part  file  is  a sequence  of  individual  part  des- 
criptions. Each  description  consists  of  (l)  a header  card  giving  tlie  part's 
file  retrieval  name,  whether  the  part  is  NEW  or  OLD  to  the  file,  and  current 
file  size,  (2)  three  cards  giving  general  part  data,  (3)  a number  of  cards  des- 
cribing finished  part  geometry,  and  (^)  a number  of  cards  giving  raw  material 
geometry.  There  is  also  a separator  card  which  divides  the  two  geometric  des- 
criptions. Tabled  gives  the  format  of  the  general  part  data  cards. 
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Coluron(s ) 


Form  * 


Rata 


First  card 

1-20 

A 

part  number 

21-40 

A 

part  name 

41-48 

A 

part  code 

49-56 

A 

engineering  change  number 

57-60 

A 

revision  number 

6I-68 

A 

area 

69-80 

A 

model 

Licoond  card 

1-8 

R 

maximum  outer  diajneter 

9-16 

K 

minimum  internal  diameter 

17-24 

R 

part  length 

25-36 

A 

material  type 

37-48 

A 

material  specification 

49 

1 

hardness  type  code  (l  if 
Rockwell  C,  2 if  thousands  of 
PSI) 

50-53 

I 

raw  material  hardness  - low 

limit 

54-57 

I 

raw  material  liardness  - higli 
limit 

58-0I 

1 

finished  hardness  - low 

limit 

62-65 

I 

finished  hardness  - high 
limit 

66 

I 

code  number  for  raw  materiaJ 
form  (1  for  bar  stock,  2 for 
forging,  3 tor  casting) 

67-74 

R 

bar  di:uneter  (if  bar  stock) 

Tliird  card 

1-16 

A 

forging  or  casting  number 

19-24 

R 

surface  treatment  thickness 

25-30 

R 

surface  treatment  thickness 

tolerance 

32-33 

35-36 

38-39 

f*l-J42 

1(4-45 

47-48 

T 

Up  to  6 code  numbers  for  blue- 
print notes  applicable  to  the 
entire  part 

*R  indicates 

a real  (decimal) 

number , 

I an  integer,  A an  alphanumeric  string 
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Finished  part  geometry  is  input  using  cards  -vdiich  describe  each  surface 
and  feature  of  the  part.  One  or  more  pairs  of  cards  is  used  for  each  surface 
or  feature.  The  surface/feature  descriptions  are  given  in  clockwise  order. 

If  there  is  no  through  hole,  the  surface  making  the  left  intersection  with  the 
centerline  is  given  first  and  the  surface  making  the  right  intersection  last. 
If  there  is  a through  hole,  the  left  end  is  first  and  the  internal  surface 
(internal  diameter  or  countersink)  that  intersects  the  left  end  is  last  Figure 
C2).  Feature  cards  are  placed  after  the  cards  describing  the  surface  into 


FIRST 


la) 


FIRST 


lb) 


FIGURE  C2.  ORDER  OF  SURFACES  IN  GEOMETRIC  DESCRIPTIONS. 

In  (a),  the  left  end  would  be  the  first  surface 
given  and  the  right  end  the  last.  In  (b),  the 
drill  points  of  the  left  and  right  internal 
holes  would  be  the  first  and  last  surfaces, 
respectively.  Since  the  part  in  (c)  has  a 
through  hole,  the  left  end  is  given  first  and 
the  internal  surface  intersecting  it  is  last. 


169 


R77-9>*2625-l>i 


which  the  feature  is  machined.  A relief  groove  or  recess  is  an  exception  to 
this  and  will  precede  its  parent  diameter  when  at  the  leading  end  of  the  diameter. 
If  a surface  has  more  than  one  feature,  its  features  are  given  in  a clockwise 
order.  If  the  feature  is  multi-surface,  cards  describing  its  component  surtaces 
in  clockwise  order  are  placed  after  the  feature's  card(s).  The  normal  order  in 
which  surface /feature  descriptions  are  placed  is  illustrated  in  Figure  C3. 


01  left  end 

02  diameter 

03  recess  (first  feature  of  diameter) 

Ol*  left  side  of  recess 

05  bottom  of  recess 

06  groove  in  bottom  of  recess 

07  left  side  of  groove 

08  bottom  of  groove 

09  right  side  of  groove 

10  right  side  of  recess 

11  radial  hole  (second  feature  of  diameter) 

12  right  end 

FIGURE  C3,  ORDER  OF  INPUT  FOR  SURFACES  AND  FEATURES  IN  GEOMETRY  DESCRIPTION 
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Each  surface  or  feature  description  requires  one  or  more  pairs  of  cards. 

The  second  card  in  each  pair  may  he  omitted  if  none  of  the  data  on  it  is 
relevant.  The  general  form  of  the  pair  of  cards  is  shown  in  Table  C2.  Table  C3 
gives  certain  codes  used  in  those  cards.  The  relevance  and/or  interpretation 
of  some  entries  may  depend  on  the  type  of  surface/feature  being  described. 

Surfaces  and  features  fall  into  four  categories : 

1.  Surfaces  have  type  numbers  of  the  form  OXX.  Geometrically,  they  are 
cylinders  or  cones  having  the  part  eixis  as  axis  of  rotation  or  are 
planes  perpendicular  to  the  part  axis.  The  input  card  pair  describes 
this  rotational  geometry. 

2.  Multisurface  rotational  features  that  have  the  part  axis  as  axis  of 
rotation  and  that  are  expanded  into  surfaces.  These  have  type  numbers 
of  the  form  IXX.  The  input  card  pair  for  such  a surface  contains 
only  the  feature  type.  (There  is  one  exception  to  this  rule.  For  a 
groove  or  recess,  other  than  a relief,  the  beginning  corner  break  is 
described,  and  for  every  groove  and  recess  the  identification  number 
of  the  parent  diameter  must  be  given.)  This  card  pair  serves  to 
indicate  that  the  following  surface  card  pair  describes  the  first 
surface  of  the  feature. 

3.  Rotational  features  with  axis  other  than  the  part  axis.  Type  numbers 
have  the  form  2XX.  The  card  pair  is  used  to  describe  the  feature's 
geometry. 

U.  Nonrotational  features.  These  have  type  numbers  of  the  form  3XX.  The 
card  pair  contains  only  the  type  number.  It  indicates  the  presence 
of  the  feature  and,  by  position,  the  surface  into  which  the  feature 
is  machined.  There  is  no  geometric  description. 

Surface/ feature  identification  numbers  are  assigned  sequentially  to  surfaces 
and  features.  Figure  C 3 illustrates  the  numbering  scheme. 
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TABLE  C2.  FORMAT  FOR  SURFACE/ FEATURE  CARD  PAIR 


Coluinn(s) 

Form 

Data 

First  card 

1-2 

I 

surface  identification  number 

U-6 

I 

surface/ feature  type  (see  Table 

C3) 

8-15 

R 

diameter 

17-22 

R 

diametral  tolerance 

214-31 

R 

lateral  dimension 

33-38 

R 

lateral  tolerance 

Uo-Ul 

I 

identification  number  of 

reference  datum  surface. 

For  grooves , recesses  and 
reliefs  use  ID  number  of 
parent  diameter 

1^3-50 

R 

nominal  lateral  position 

52-57 

R 

angle  or  intersection  radius 

59-64 

R 

angular  or  radial  tolerance 

66 

I 

angle/intersection  code 
(see  Table  C3) 

68-70 

I 

surface  finish 

72 

I 

window  type  or  shape  code 
(see  Table  C3) 

Second  Card 

8-9 

I 

geometric  control  type 
(see  Table  C3) 

11-18 

R 

geometric  control  tolerance 

20-21 

I 

identification  number  of  ref- 
erence surface  for  geometric 

control 

26-31 

R 

surface  treatment  thickness 

33-38 

R 

surface  treatment  thic  less 

tolerance 

4o-46 

R 

radial  or  bolt  hole  depth 

48-53 

R 

radial  or  bolt  hole  tolerance 

55-56 

I 

identification  number  of 

surface-thru-to  for  hole 

58 

I 

0-seal  groove  flag  (l  if  o-seal, 

0 otherwise) 

6o-6i 

I 1 

up  to  3 code  numbers  for  blue- 

63-64 

I 

print  notes  applicable  to 

66-67 

I 1 

this  surface 

69-74 

R 

angle  of  radial  or  bolt  hole 

1 
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TABLE  C3.  CODE  NUMBERS  USED  IN  SURFACE/FEATURE  CARDS. 


Surface/ feature  types 

Angle/intersection  codes 

001 

diameter 

1 angle 

002 

face  (not  an  end) 

2 fillet 

003 

left  or  right  end 

3 corner  break  (in  this  case  the 

OOL 

taper 

minimum  and  maximum  radii 

005 

chamfer 

are  given  by  fields  52-57 

006 

centerdrill  (for  turning  center) 

and  59-64 ) . 

007 

drill  point 

4 left  fillet  radius  and  tolerance. 

008 

countersink  (for  turning  center) 

slots  only 

009 

countersink  (not  for  turning  center) 

5 right  fillet  radius  and 

100 

groove 

tolerance,  slots  only 

101 

recess 

6 bore  edge  break  and  tolerance , 

102 

relief 

radial  holes  and  windows 

103 

half  fin 

200 

radial  hole 

Geometric  control  types 

201 

bolt  hole 

01  timing  feature  reference 

300 

axial  slot,  round  bottom 

02  concentricity 

301 

axial  slot,  square  bottom 

03  straightness 

302 

lug 

04  roundness 

303 

flat 

05  angularity 

3014 

window 

06  true  position 

305 

thread 

306 

cross  slot,  round  bottom 

Window  type  or  shape  code 

307 

cross  slot,  square  bottom 

1 face  window  with  curved  top 

308 

tab 

and  bottom 

309 

scallop 

2 face  window  with  straight  top 

and  bottom 

3 irregular  window  in  OD  thru 

to  ID 

4 regular  window  in  OD  thru 

to  ID 
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Following  are  notes  on  the  relevance  and  interpretation,  for  each  surface 
type,  of  the  fields  of  the  surface  cards. 

1.  Diameter.  Fill  diameter  fields,  omitting  lateral,  fields.  Give 
fillet  or  corner  break  rather  than  angle.  Fill  in  surface  finish. 
Give  geometric  control  and  blueprint  note  codes  if  present. 

2.  Face  or  end.  Complete  lateral  fields,  omitting  diameter  fields. 

Give  fillet  or  corner  break  rather  than  angle.  Give  surface  finish. 
Other  fields  are  completed  if  needed. 

3.  Taper.  A taper  is  described  using  one  of  three  methods.  Each 
method  requires  two  card  pairs  with  the  same  surface  identification 
number. 

a.  Gauge  diameter  method.  On  the  first  card  pair  give  diameter  (but 
not  diametral  tolerance),  all  lateral  fields,  and  surface  finish. 
The  angle  and  angular  tolerance  fields  are  used  to  describe  the 
angle  of  the  taper.  Complete  geometric  control  and  blueprint 
note  fields  as  needed.  On  the  second  card  pair  enter 
intersection  fields. 


b.  Gauge  dimension  method.  On  the  first  card  pair  fill  both 
diameter  fields,  lateral  dimension  (but  not  tolerance),  datum 
stirface,  nominal  lateral  position,  angle  and  tolerance,  and 
surface  fields.  Give  geometric  control  and  blueprint  notes 
as  needed.  On  the  second  pair  enter  intersection  data. 

c.  Two  point  method.  Each  card  pair  is  devoted  to  a point.  Fill 
in  diametral  and  lateral  fields  on  each,  excepi,  that  either 
diametral  tolerance  is  left  blank  on  both  card  pairs  or 
lateral  tolerance  is  left  blank  on  both  card  pairs.  The  first 
pair  is  used  to  give  intersection  and  surface  finish  and, 

if  needed,  geometric  control  and  blueprint  notes. 
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Chamfer  and  countersink.  Two  card  pairs  having  the  same  surface 
number  are  used.  On  the  first,  two  of  the  following  three  sets  of 
fields  must  be  given;  (i)  diametral  fields,  giving  the  inter- 
section with  the  adjacent  .ace,  (ii)  lateral  fields,  giving  the 
intersection  with  the  adjacent  diameter,  (iii)  angle  fields, 
giving  the  angle  of  the  chamfer.  Enter  surface  finish  and,  if 
needed,  geometric  control  and  blueprint  notes.  On  the  second, 
fill  the  intersection  fields. 

5.  Cent erdr ill.  The  same  data  is  given  as  for  a diameter.  There  must 
be  a turning  countersink  between  the  centerdrill  and  the  adjacent 
part  end . 

6.  Drill  point.  The  end  or  bottom  of  the  smallest  diameter  blind  hole 
in  each  end  must  be  a drill  point.  The  ends  of  larger  blind  holes 
may  be  described  as  drill  points  provided  they  are  not  vertical. 

Two  card  pairs  are  usually  used.  On  the  first,  give  all  lateral 
fields,  angle  fields  (to  describe  the  drill  point  angle),  and 
surface  treatment.  On  the  second,  having  the  same  surface  number, 
enter  only  intersection  fields.  This  second  pair  is  not  used  if 
the  drill  point  is  the  final  surface  given  for  the  part.;  i.e.,  the 
smallest  hole  in  the  right  end  when  there  is  no  through  hole. 

7.  Radial  hole.  Diameter  fields  give  tlie  size  of  the  hole,  lateral 
fields  locate  the  hole's  centerline,  angle  fields  are  used  to  give 
drillpoint  angle  and  tolerance,  and  the  geometric  control  surface 
gives  the  surface-through-to , if  any.  Surface  finish  is  given,  as 
are  blueprint  notes  present.  On  the  second  card  of  the  pair  the 
hole  depth  and  tolerance  are  given  in  columns  l40-i*6  and  ^48-53. 

8.  Bolt  hole.  Data  given  is  the  same  as  for  a radial  hole,  except 

that  lateral  dimension  and  tolerance  are  used  to  give  the  centerline's 
diameter  and  diamet.ral  tolerance. 
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Raw  material  geometry  is  described  by  surface/feature  card  pairs  in  the 
same  manner  as  the  finished  part  geometry.  (Of  course,  there  will  generally 
be  fewer  surfaces  and  features  to  describe.)  The  order  in  which  surfaces/ 
features  are  input  is  determined  by  applying  to  the  raw  material  geometry 
the  same  rules  given  above  for  the  finished  geometry.  Surface/feature 
identification  numbers  are  identical  in  the  raw  material  geometry  descrip- 
tion to  what  they  were  in  the  finish  geometry,  with  missing  items  omitted 
(See  Figure  Ch).  The  datum  plane  used  for  lateral  positions  in  the  raw 
material  description  may,  if  desired,  differ  from  tliat  used  in  the  finished 
geometry  description.  The  correlation  between  the  two  is  input  on  a card 
which  is  placed  between  the  two  geometric  descriptions.  This  card  must 
be  included  even  if  the  s!ime  origin  is  used  for  botli  geometry  descriptions  — 
it  serves  as  a separator.  Table  C^*  gives  the  format  of  this  card. 


FIGURE  CU. 


NUMBERING  SCHEME  FOR  RAW  MATERIAL  GEOMETRY. 

The  ends  of  the  blank  are  associated  with  tlie  ends  of  tiie 
part,  and  the  diameter  of  the  blank  with  the  maximum  pai-t 
diameter  (see  Figure  C3). 
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TABLE  Cl*.  FORMAT  OF  GEOMETRY  SEPARATOR  CARD. 


Colui,in(  s ) 

Form 

Data 

l*-6 

I 

"999" 

2U-31 

R 

The  lateral  position,  according  to  the  datum 
used  in  the  raw  material  description,  of  the 
datum  plane  of  the  finished  geometry. 
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Machine  Tool  File 


Four  card  types  are  used  to  construct  the  machine  tool  file: 

1.  Machine  class  card 

2.  Machine  tool  card 

3.  Common  machine  tool  data  card  for  data  relevant  to  machine  tools 
of  all  classes 

U.  Particular  machine  tool  data  cards  for  data  specific  to  machine 
tools  of  a particular  class.  As  many  as  four  such  cards  may  be 
required  for  a machine  tool. 

The  input  deck  is  built  from  these  cards  in  the  following  manner: 

Machine  class  card  for  first  class 

Machine  tool  card  for  machine  in  first  class 
Common  data  card  for  that  machine 
Particular  data  card(s)  for  that  machine  (if  any) 

Machine  tool  card  for  another  machine  in  first  class 
Common  data  card 
Particular  data  card(s) 

• 

• 

Machine  class  card  for  second  class 

Machine  tool  card  for  machine  in  second  class 
Common  data  card 
Particular  data  card(s) 

• 


Tables  C5,  C6,  and  C7  give  formats  for  the  machine  class  card, 
machine  tool  card,  and  common  machine  tool  data  card.  Particular  data  cards 
for  each  allowable  type  of  machine  tool  are  given  in  Tables  C8  through  Clt. 
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TABLE  C5.  MACHINE  CLASS  CARD  FORMAT 


U-23 

20-29 

32-36 

30- 3 


machine  class  name 

machine  class  code  number  (user  determined] 
average  diametral  stock  removal  in  units 
of  1/100,000  inch 

average  lateral  stock  removal  in  units  of 
1/100,000  inch 

machine  class  type  (see  list  below) 


The  machine  class  type  cues  the  processor  on  tiie  specific  data  to  be 
provided  for  subsequent  machine  tools.  Tiiere  are  nine  acceptable  codes: 

-1  not  a metal  cutting  machine  class;  no  specific  data  present 

0 a non-cylindrical  metal  cutting  class;  no  specific  data 
provided 

1 lathe 

2 deej3  hole  drill 

3 crush  grinder 

1*  internal  diameter  grinder 

5 external  diameter  grinder 

6 surface  grinder 

7 hone 


TABLE  C6.  MACHINE  TOOL  CARD  FORMAT 


Column(s) 

1 

4-23 

26-29 


machine  tool  name 

machine  tool  code  number  (user  determined) 


if 

1 1 

1,1 
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TAIU.K  C7.  COMMON  MACHINE  TOOL  DATA  CARD  KOlWVT 


Column(s ) 

Form 

Data 

1 

A 

V } 

4-0 

A 

shop's  machine  code 

A 

location  (shop,  shop  area,  or  other) 

lb-21 

R 

operator  cost  (dollars  per  hour) 

22-27 

R 

machine  cost  (dollars  per  hour) 

28-33 

R 

average  setup  cost  (dollars) 

R 

average  time  for  basic  setup  (minutes) 

UO-U‘i 

R 

average  added  setup  time  per  tool  (minutes) 

Ub-Sl 

R 

average  tool  ctiange  time  (minutes) 

si'-'-y/ 

R 

averago  workpiece  load  time  (minutes) 

^8-ii3 

R 

turret  index  time  (minutes) 

t-,4  -tiO 

R 

mit\iraura  diametral  stock  removal  (inches) 

70 -7^ 

R 

minimum  lateral  stock  removal  (inches) 

77 

I 

machine  rate 

I 


'I'AIU.K  KOHMA'r  OF  rAHTlOlIlAF  Mi\OUlNK  TOOl,  UA'l'A  OAHO  FOH  LJV'l’llFO 


I'ol  timnl,  K ^ 

Form 

P!vt  a 

1 

A 

’-f' 

K 

nvLxlmum  pari  (liii'ln'i!) 

o-lt. 

K 

mitilmtitn  part  It-iigtli  (iitclie!?) 

17-  '1* 

H 

maximum  part  iliaim't.t'r  ^luclii's) 

•‘--I,’ 

H 

minimum  part  iiiam«‘t.fr  {lticlu*t!l 

K 

m.'Lximiim  oliuok  .iiamutcr  (liiolituO 

i*i-i*s 

H 

maximum  part  1 ciiKt  F/ '1  > ’'^niut  it  ratio 

F 

miuiniun  part  1 out'.t  ii.J  i.'uiiot  I'r  ratio 

1 

I'oiit  rol  typr  il  f tr  tiviuutii,  ’ for  aut  onvit, 
^ for  tiumoriofil  rout  rol,  >i  for  othor-) 

i'*)- 

F 

tiorr.opi'va’r 

1 

iiuml't'r  v'f  ttpiu.ilrt! 

1 

A 

" >" 

' 

F 

nuiximum  !;p<'<'(i  ^FI'M) 

0-l(. 

1 

t u rrot  - -uumi’or  of  t.  ■'ol  posit  ion:; 

1 

F 

dr  i 1 1 dept  li  ( i ticlu’s  ) 

K 

maximum  drill  diamotor  (inchos^ 

1 1-1»0 

F 

1 ouK, i t ud  iua  1 st  roko  (ittolios) 

It  1 -li8 

F 

cross  str'k(*  (inches^ 

F 

radial  clearance  iinchcsl 

1 

ituml'cr  of  feeds 

t'S-Y.' 

F 

maximum  fta'd  ( 1 FlO 

'M-8o 

F 

mittimum  ftu'd  ( ll’Rl 

1 

A 

M ^ tt 

.’-8 

1 

front  si  lde--numl'er  of  t v'ol  posit  i ats 

O-li' 

F 

1 ouf^, i 1 ud Inal  stroke  (Inolicsl 

17-.'l* 

F 

ciatss  stroke  (inchcsl 

1.’ 

1 

number  of  feeds 

U-Uo 

F 

maximum  feed  (ll'F) 

Itl-lt8 

F 

minimum  feed  ( 1 1'lO 

ItO-'X' 

I 

rear  s 1 ide--number  of  totil  positions 

sy-t'it 

R 

lotiKitudinal  stroke  (inches) 

R 

cross  stroke  (ittches) 

78-80 

T 

luimber  of  feeds 

1 

A 

"4" 

8-8 

F 

rear  a 1 lde--nvtximum  feed  (ll'R) 

O-U) 

F 

minimum  feed  (IFF) 

17-.'lt 

1 

cutoff- -numlter  of  feeds 

.■’'t-l.' 

F 

mtucimum  feed  (IFF) 

H-ltO 

R 

minimum  feed  (IFF) 

l‘vi 
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TABLE  C9.  FORMAT  OF  PARTICULAR  MACHINE  TOOL  DATA  CARD  FOR  DEEP  HOLE  DRILLS 


Card 

Column ( s ) 

Form 

Data 

1 

1 

A 

"1" 

2-8 

R 

maximum  hole  diameter  (inches) 

9-16 

R 

minimum  hole  diameter  (inches) 

17-24 

R 

maximum  hole  length  (inches) 

25-32 

R 

maximtim  part  length  (inches) 

33-40 

R 

maximum  part  diameter  (inches) 

41-48 

I 

control  type 

49-56 

R 

horsepower 

57-64 

I 

number  of  spindles 

65-72 

R 

maximum  speed  (RPM) 

73-80 

R 

maximum  feed  (IPR) 

I 

I TABLE  CIO.  FORMAT  OF  PARTICULAR  MACHINE  TOOL  DATA  CARDS  FOR  CRUSH  GRINDERS 


Card 

Column ( s ) 

Form 

Data 

1 

1 

A 

"1  " 

2-8 

R 

maximum  form  depth  (inches) 

9-16 

R 

maximum  form  width  (inches) 

17-24 

R 

maximum  part  length  (inches) 

25-32 

R 

maximtmi  part  diameter  (inches) 

33-40 

I 

center /centerless  (1  or  2) 

41-48 

I 

control  type 

49-56 

R 

horsepower 

57-64 

R 

maximum  part  speed  (RPM) 

65-72 

R 

minimum  part  speed  (RPM) 

73-80 

R 

maximum  in-feed  (IPR) 

2 

1 

A 

”2" 

2-8 

R 

maximum  wheel  diameter  (inches) 

9-16 

R 

minimum  wheel  diameter  (inches) 

17-24 

R 

maximum  wheel  width  (inches) 

25-32 

R 

minim-urn  wheel  width  (inches) 

33-40 

R 

wheel  hole  diameter  (inches) 

I 

i 

1 
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TABLE  Cll.  FORMAT  OF  PARTICULAR  MACHINE  TOOL  DATA  CARDS  FOR  INTERNAL 
DIAMETER  GRINDERS 


Card 

Col\min(  s ) 

Form 

Data 

1 

1 

A 

ttj  tl 

2-8 

R 

maximxun  hole  diameter  (inches) 

9-16 

R 

minimum  hole  diameter  (Inches) 

17-2k 

R 

maximum  hole  length  (inches) 

25-32 

R 

maximum  part  lengt.h  (inches) 

33-UO 

R 

maximum  part  diameter  (inches) 

41-48 

R 

faceplate  diameter  (inches) 

49-56 

I 

control  type 

57-64 

R 

horsepower 

65-72 

R 

maximum  .part  speed  (RIW) 

73-80 

R 

minimum  part  speed  (RI’M) 

2 

1 

A 

"2 

2-8 

R 

maximum  in-feed  (IPR) 

TABLE  012. 

FORMAT  OF  PARTICULAR  MACHINE  TOOL  DATA  CARDS  FOR  EXTERNAL 

DIAMET’EK  GRINDERS 

Canl 

Column(s ) 

Form 

Data 

! 1 

1 

A 

"1 

1 

2-8 

R 

maximum  part,  diamter  (inches) 

9-16 

R 

minimum  part  diameter  (Inches) 

17-24 

R 

maximum  part,  length  (inches) 

25-32 

I 

center/centerless  (1  or  2) 

33-40 

I 

control  type 

41-48 

R 

horsepower 

49-56 

R 

maximxmi  part  speed  (RPM) 

57-64 

R 

maximum  feed  (IPR) 

65-72 

R 

maximum  wheel  diameter  (inches) 

73-80 

R 

maximum  wheel  width  (Inches) 

2 

1 

A 

"2  " 

2-8 

R 

minimum  wheel  width  (inches) 

9-16 

R 

wheel  hole  diameter  (inches) 
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TABLE  Cl 3.  FORMAT  OF  PARTICULAR  MACHINE  TOOL  DATA  CARDS  FOR  SURFACE  GRINDERS 


Card 

Column ( s ) 

Form 

Data 

1 

1 

A 

2-8 

R 

maximum  part  lenpth  ( inches ) 

9-i6 

R 

maximum  part  width  (inches) 

17-2U 

R 

maximvim  part  height  (inches) 

25-32 

R 

maximum  grind  length  (inches) 

33-Uo 

R 

maximum  grind  width  (inches) 

4l-ii8 

I 

control  type 

49-56 

R 

horsepower 

57-64 

R 

maximum  speed  (Rl'M) 

b5-72 

R 

maximum  feed  (IPR) 

73-80 

R 

wheel  diamet,er  (inches) 

2 

1 

A 

"2  " 

2-8 

R 

wheel  width  (inches) 

q-16 

R 

wheel  hole  diameter  (inches) 

TABLE  Cl 4.  FORMAT  OF 

PARTICULAR 

MACHINE  TOOL  DATA  CARD  I'OR  HONES 

Card 

Column(s ) 

Form 

.....  . 

Data 

1 

1 

A 

"1" 

2-8 

R 

maximum  hole  diameter  (inches) 

9-16 

R 

minimum  hole  diameter  (inchest 

17-24 

R 

maximum  part  length  (inches) 

25-32 

R 

horsepower 

33-40 

I 

number  of  spindles 

41-48 

R 

maximum  speed  (RPM) 

49-56 

R 

minimum  speed  (RPM) 

57-64 

R 

maximum  stroke  (inches) 

65-72 

I 

control  type 
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Cut  Application  File 

The  input  deck  for  the  cut  application  file  consists  of  seven  types 
of  cards: 

1.  Machine  class  card 

2.  Machine  tool  card 

3.  Part  family  card 

U.  Directory  header  card 

5.  Directory  data  card 

6.  Tooling  header  card 

7.  Tooling  data  card. 

The  input  deck  is  built  from  these  cards  in  the  following  manner: 

Machine  class  card  for  first  class 

Machine  tool  card  for  first  machine  in  class 

Part  family  card  of  first  family  for  machine 


Part  family  card  of  last  family  for  machine 
Machine  tool  card  for  second  machine  in  class 


Machine  class  card  for  next  class 


Part  family  card  of  last  family  for  lust  maciiine  in  last  class 
Directory  header  card  for  first  directory 

Directory  data  card(s)  — as  many  as  needed 
Directory  header  card  for  second  directory 


Directory  header  card  for  last  directory 
Directory  data  card(s) 

Tooling  header  card  for  first  directory 

Tooling  data  cards  — as  many  blocks  of  50  as  needed 


Tooling  header  card  for  last  directory 
Tooling  data  cards 
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Each  part  family  card  must  reference  a directory,  although  several 
can  reference  the  same  one.  Each  directory  header  card  must  reference 
a unique  tooling  header  card.  (The  tooling  header  cards  do  not  actually 
have  to  occur  in  the  same  order  as  the  directories,  contrary  to  what  may 
be  suggested  in  the  deck  setup  example.) 

The  complex  organization  of  this  file  is  a result  of  the  flexibility 
designed  into  it.  In  particular,  it  is  possible  to  designate  different 
tools  for  the  same  cut  if  the  parts  come  from  different  families;  however, 
this  is  not  done  in  the  demonstration. 


Tables  Cl 5 tlirough  C20  specify  the  formats  of  all  cards  except  the 
toolinr,  data  card. 


TABLE  Cl 5.  FORMAT  OF  MACHINE  CLASS  CARD  FOR  CUT  APPLICATION  FILE 


Column ( s ) 

Form 

Data 

1 

A 

"C" 

^-c'3 

A 

machine  class 

name* 

26-29 

I 

machine  class 

code* 

*must  be  identical 

to  entry  in  machine 

tool  file 

TABLE  Cl6.  FORMAT  OF  MACHINE  TOOL  CARD  FOR  CUT  APPLICATION  FILE 


Column ( s ) Form 


1 A 

U-23  A 

26-29  I 


*must  be  identical 


Data 

"M" 

machine  tool  name* 
machine  tool  code* 

to  entry  in  machine  tool  file 
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TABLE  C17.  FORMAT  OF  PART  FAMILY  CARD  FOR  CUT  APPLICATION  FILE 


Column{s ) 

1 

lt-9 

16-21 

Form 

A 

A 

A 

Data 

"F" 

family  code  (same  as  in  part  file) 
directory  name  (same  as  on  some 
following  directory  header  card) 

TABLE  ClB.  FORMAT  OF  DIRECTORY  HEADER  CARD  FOR  CUT  APPLICATION  KILE 

Co lumn( a ) 

Form 

Data 

1 

A 

"D" 

U-9 

A 

directory  name  (same  as  on  one  or 

more  part  family  cards) 

16-21 

A 

tooling  data  luime  (same  as  on  some 

following  tooling  header  card) 

26-29 

I 

niunber  of  pairs  of  items  to  follow  on 

directory  data  card(s) 

TABLE  C19.  FORMAT  OF  DIRECTORY  DATA  CARD  FOR  CUT  APPLICATION  FILE 

CoLi.inui(i.. ) 

Form 

Dat  a 

2-8 

I 

cut  application  code 

9-16 

I 

word  number  in  tooling  data  at  which 

tool  list  for  above  cut  application 

stai-ts 

IO-2I4 

I 

cut  application  code 

29-32 

I 

tool  list  start 

V 33-!>0 

I 

cut  application  code 

I 

tool  list  start 

1*9-96 

I 

cut  aj^plication  code 

9T-61* 

I 

tool  list  start 

69-72 

I 

cut  application  code 

73-80 

I 

tool  list  start 

1 
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TABLE  C20.  FORMAT  OF  TOOLING  HEADER  CARD  FOR  CUT  APPLICATION  FILE 


Column(s ) 

Form 

Data 

1 

A 

"A" 

4-9 

A 

tooling  data  name  (same  as  on  one 
preceding  directory  header  card) 

26-29 

I 

number  of  blocks  of  tooling  data 
cards  immediately  following 

The  tooling  data  cards  contain  a computer-readable  representation  of 
the  tooling  lists  for  the  cut  applications  and  are  grouped  together  in  blocks 
that  represent  300  words  of  computer  storage.  For  thi*"  reason  it  is  rather 
difficult  to  manually  prepare  these  cards,  and  a computer  program  has  been 
provided  for  that  purpose.  This  program  punches  out  both  the  tooling  data 
cards  and  the  directory  data  cards.  The  input  format  for  this  program  is 
given  in  Table  C21. 


TABLE  C21.  FORMAT  OF  INPUT  CARDS  FOR  TOOLING  DATA 


Column(s ) 

Form 

Data 

1-12 

A 

cut  application  name 

l4 

A 

"X"  if  next  application  is  same  as  this 

16-21 

A 

tool  list  key  (see  below) 

23-28 

A 

tool  name 

40-55 

A 

tool  name 

57-62 

A 

tool  name 

79-80 

I 

cut  application  code 

Each  entry  in  the  tooling  data  list  is  a set  of  one,  two,  or  three 
items,  and  each  item  may  be  an  actual  tool  number  or  a tool  type.  If  there 
are  more  than  one  item,  only  one  can  actually  be  a cutting  tool  and  the 
other(s)  must  be  auxiliary  tools.  If  there  is  only  one  item  it  must  be  in 
columns  23-28,  and  if  there  are  two  they  must  be  in  columns  23-28  and  UO-55. 
The  tool  list  key  (columns  l6-21 ) tells  how  many  items  are  present  and  what 
they  are.  The  key  is  composed  of  three  two-digit  subkeys  corresponding 
to  the  three  possible  tool  names.  TABLE  C22  gives  the  possible  values 
for  each  two-digit  subkey. 


18T 
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TABLE  C22.  SUBKEY  VALUES  FOR  TOOL  LIST  KEY  IN  TOOLING  INPUT  DATA  FOR 
CUT  APPLICATION  FILE 


Corresponding  tool  name 


0 

(blank -no  tool) 

1 

holder  tool  number 

2 

holder  tool  type 

3 

insert  tool  number 

U 

insert  tool  type 

5 

chipbreaker  tool  number 

)6 

chipbreaker  tool  type 

7 

cutter  tool  number 

8 

cutter  tool  type 

>9 

head  number 

0 

grinding  wheel  number 

1 

grinding  wheel  type 

2 

drill  number 

3 

drill  type 

h 

reamer  number 

5 

reamer  type 

6 

lap  number 

7 

lap  type 

8 

honing  mandrel  number 

9 

honing  mandrel  type 

0 

honing  stone  number 

1 

honing  stone  type 

2 

adapter  number 

3 

adapter  type 

l4 

regulating  wheel  number 

5 

regulating  wheel  type 

6 

electrode  niunber 

7 

electrode  type 

Cut  Parameter  File 

The  input  deck  for  the  cut  parameter  file  consists  of  three  types 
of  cards : 

1.  Machine  class  card 

2.  Material  card 

3.  Cut  parameter  data  card 


180 
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The  input  deck  is  formed  as  follows.  The  first  card  is  a machine  class 
card.  This  is  followed  by  several  pairs  of  cards,  each  consisting  of  a 
material  card  followed  by  a data  card.  Each  pair  gives  cut  parameter  data 
for  the  machine  class  - material  combination.  The  second,  third,  etc., 
machine  classes  are  handled  in  the  same  way: 

Machine  Class  card 
Material  card 
Data  card 
Material  card 
Data  card 


Machine  class  card 
Material  card 
Data  card 


T.Hes  C23,  C2t  and  C25  give  formats  for  each  of  these  cards. 


TABLE  C23.  FORMAT  OF  MACHINE  CLASS  CARD  FOR  CUT  PARAMETER  FILE 


Coltimn(  s ) 

Form 

Data 

1 

A 

"C" 

U-23 

A 

machine  class  name 

25-28 

I 

machine  class  code  number 

30-33 

I 

number  of  material/data  card  pairs  to  follow 

TABLE  C2U . FORMAT 

OF  MATERIAL  CARD  FOR  CUT  PARAMETER  FILE 

Column ( s ) 

Form 

Data 

1 

A 

"M" 

U-15 

A 

material  description 

I f 
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TABLE  C25.  FORMAT  OF  CUT  PARAMETER  DATA  CARD 


Macliinability  File 


The  machinability  file  is  constructed  from  four  card  types: 

1.  Machine  class  card 

2.  Cut  application /material  card 

3.  Depth  of  cut  card 
Material  specification  card 

The  input  deck  is  constructed  hierarchically: 

Machine  class  card 

Cut  application/material  card 
Depth  of  cut  card 

One  or  more  material  specification  cards 


Cut  application/material  card 


Machine  class  card 


Column(s) 

Form 

Data 

h-9 

R 

depth  of  stock  removed 

10-15 

R 

roughing  tolerance,  same  type,  diametral 

16-21 

R 

roughing  tolerance , same  type  , lateral 

22-27 

R 

roughing  tolerance,  different  type, 
diametral 

28-33 

R 

roughing  tolerance,  different  type, 
lateral 

3i4-39 

R 

finish  tolerance,  diametral 

L0-L5 

R 

finish  tolerance,  lateral 

U6-51 

R 

tighest  tolerance,  diametral 

52-57 

R 

tighest  tolerance,  lateral 

58-63 

R 

surface  finish 

6U-69 

R 

maximum  depth,  rough  cuts 

70-75 

R 

maximum  depth,  finish  cuts 

Tables  C26  through  C29  give  formats  for  these  cards 


) 
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TABLE  C26.  format  OF  MACHINE  CLASS  CARD  FOR  MACHINABILITY  FILE 


Column(s ) 

Form 

Data 

1 

A 

"C" 

l;-23 

A 

machine  class  name 

25-29 

I 

machine  class  code  number 

3I-3U 

I 

number  of  cut  application/material  cards 
to  follow 

TABLE  C27.  FORMAT  OF  CUT  APPLICATION/MATERIAL  CARD  FOR  MACHINABILITY  FILE 


Column(s) 

Form 

Lata 

1 

A 

"t" 

I*-T 

I 

cut  application  code  number 

9-20 

A 

part  material  description 

22-25 

I 

low  limit  of  part  hardness 

27-30 

I 

high  limit  of  part  hardness 

32-35 

I 

number  of  depth  of  cut  cards  to  follow 

TABLE  C28. 

FORMAT  FOR  DEPTH 

OF  CUT  CARD  IN  MACHINABILITY  FILE 

Colutnn(s) 

1 

h~g 

11-22 

2U-29 

31-36 

38-J<1 


depth  of  cut  (inches) 

recommended  tool  material 

RecoJTimended  feed  (IRP) 

estimated  tool  life  per  edge  (minutes) 

number  of  material  specification  cards 

to  follow 


1 

TABLE  C29. 

FORMAT  OF  MATERIAL 

SPECIFICATION  CARD  IN  MACHINABILITY  FILE 

Column(s ) 

Form 

Data 

1 

A 

"S" 

52-63 

A 

material  specification 

65-70 

R 

recommended  speed  (SFPM) 
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APPENDIX  D 

COMPUTER  PROCESS  PLANNING  LANGUAGE 
AND  LANGUAGE  PROCESSOR 


A special  purpose  Computer  Processing  Planning  Language  (COPPL)  has  been 
developed  to  express  process  decision  models.  The  language  is  English  in 
form  and  its  vocabulary  consists  of  common  words  and  manufacturing  terms. 
Models  written  in  COPPL  are  readable  with  little  training  or  experience. 
Therefore,  models  also  serve  to  directly  document  the  manufacturing  rationale 
of  a workshop. 

A language  processor  converts  the  process  planning  language  into  a 
more  efficient  computer  readable  code.  The  COPPL  language  could  be  inter- 
preted directly,  but  that  approach  would  be  less  efficient.  There  are  three 
steps  in  converting  process  models  written  in  COPPL:  lexical  analysis, 
syntactical  analysis,  and  code  generation.  The  lexical  analysis  reads  the 
input  language  constructs  and  decomposes  the  character  sets  into  words  and 
symbols  known  to  the  language  processor.  The  syntactical  analysis  determines 
the  structure  of  the  language  constructs  so  that  the  grammatical  meaning  is 
known.  The  final  code  generation  step  produces  the  code  that  is  stored  in 
the  CPPP  data  base. 

The  first  two  steps  of  lexical  and  syntactical  analysis  combine  to 
provide  the  basic  language  translation  function.  This  fvinction  reads  the 
programmed  elements  of  a process  model  and  through  a "syntax-directed"  parsing 
procedure  determines  the  type  of  elements  and  their  grammatical  structure. 

For  example,  Figure  D1  shows  an  example  of  a programmed  element  that  might 
appear  in  a process  model.  The  language  translation  would  recognize  this  as 
a "simple  metalcutting  axiom"  consisting  of  the  structure  in  Table  Dl. 


Turn  outside  surface  on  MCOUOO  (Automatic  Bar)  in  normal  if 

Surface  is  an  open  diameter  (or) 

Surface  is  a semiopen  diameter, 
surface  is  exposed  (or) 

Surface  is  an  end  $ 


FIGURE  Dl.  EXAMPLE  OF  A PROCESS  MODEL  PROGRAMMED  ELEMENT 


I 
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TABLE  Dl.  EXAMPLE  OF  METALCUTTING  AXIOM  STRUCTURE 


Structural  Elements 

Parsed  Language 

Type  of  operation 

turning 

Part  surface  reference 

outside  surfaces 

Machine  reference 

MCOUOO 

Part  orientation 

normal 

Conditional  expression 

A + (B*C)  + D 

The  conditional  expression  has  the  form  of  a boolean  equation.  In  this 
example,  a surface  must  be  an  "open  diameter"  (A)  or  a "semiopen  diameter" 

(B)  that  is  "exposed"  (C)  or  a part  "end"  (D).  All  programmed  elements  of 
a process  model  have  a similar  structure. 

There  are  six  basic  elements,  called  axioms,  that  can  be  used  in 
formulating  a process  model.  They  are:  simple  metalcutting  axiom,  multiple 
operation  metalcutting  axiom,  single  feature  metalcutting  axiom,  non- 
metai cutting  axiom,  branching  or  transfer  axiom  and  orientation  axiom. 

Examples  of  all  but  the  last  axiom  are  provided  in  Section  2.2. 

The  construction  of  axioms  is  governed  by  the  syntax  rules  that  have 
been  developed  for  the  COPPL  lainguage.  These  same  rules  are  used  by  the 
language  translator  to  parse  programmed  statements  of  a process  model.  A 
formal  specification  of  the  COPPL  language  is  given  in  Table  D2,  using  the 
Backus  Normal  Form  (BNF)  for  language  definition.  By  this  method,  each 
language  element  or  construction  is  defined  in  terms  of  lower  level  con- 
structions until  a primitive  level  of  elements  is  reached.  The  BNF  definition 
is  of  the  following  form: 


A :=  <X>|<Y>j<X>tY> 

The  definition  is  read  as  ...  A is  defined  to  be  an  X,  or  a Y,  or  an  X 
followed  by  a Y. 

BNF  language  definition  generally  depends  heavily  on  recursive  definition 
in  which  a construction  is  defined  in  terras  of  itself.  An  example  of  this 
form  is: 

A :=  <X>1<YXA> 

This  definition  defines  A to  be  an  X or  any  number  of  Y's  followed  by  an  X. 


LOV-oTE‘’  PROCESS  LANGUAGE  (COPPL)  r>£FlNxTIO,^ 
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The  last  step  of  processiiijj;  is  code  K^neratioii.  Ti»e  code 

generator  produces  a niunerlc  compviter  code  that  is  stored  in  tiie  fPlT  data 
base  and  "execnted"  to  produce  process  plans  for  parts  of  a particular  part, 
family.  'Hie  code  ^^eneration  process  begins  by  interpreting  the  synta.x 
structure  produced  in  tlie  initial  language  translation  step.  Tlie  conditional 
expression  of  an  axiom  is  organized  into  a "transfer  table"  from  which  code 
can  be  generated  to  evaluate  the  expression  wheti  "executed"  by  CPIT.  'Hie 
transfer  table  for  the  axiom  shown  in  the  example  above  is  shown  in  Table  Hi. 
Tile  first  line  can  be  rt'ad  . . . "if  the  surface  is  an  open  diameter  then 
t rails ft'r  to  line  S,  citht'rwise  transfer  to  line 


TAbl.K  IM.  F.XAMPl.K  OF  OONPITIONAI.  FXPKFFOrON 

OTRUO'I’HKF  OHi'.AN  r.’.FD  AS  A 'niANSFFH  TAllLF. 


1 ine 

Niimbi'f 

k\nid  1 1 ion 

vh'  Action 

Trails  for 

On  True 

'I'ransfer 

On  False 

1 

Open  Diiuiu'ter 

S 

Oemiopen  Piameter 

1 

I4 

1 

Fxposed 

S 

!. 

:* 

Fnd 

S 

Out  P'Urface 

O 

Surface  Not  Out 

Whenever  a transfer  is  made  to  line  R,  the  table  says  to  cut  the  surface. 
I’onversely,  whenever  a transfer  is  made  to  line  b,  the  table  says  the  surface 
is  not  to  be  cut . 

'llie  code  generator  proiiuces  a sequence  of  coded  instructions  that  would 
cause  OITT’  to  oj'erate  in  a manner  equivalent  to  interpreting  the  transfer 
table.  An  example  of  the  tyjie  of  instructions  generated  is  shown  beli'w: 


10 

OFF 

A 

(v  pt'n  Diameter^ 

00 

TNO. 

00 

10 

OFF 

b 

{Semiopen  I^i  (Uiiet  er  ) 

!t0 

TTF 

TO 

SO 

OFF 

0 

( Fxposed  1 

tiO 

TN7. 

00 

(0 

OFF 

D 

( Fnd ) 

80 

TFK 

100 

00 

OFF 

OUT 

100 

OFF 

NEXT 
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Line  10  of  the  coded  sequence  is  an  instruction  to  "call  A".  This  would 
cause  CPPP  to  transfer  control  to  the  vocabulary  program  OPEN  DIAMETER, 
which  would  test  the  particular  part  surface  to  determine  if  it  is  an  open 
diameter.  The  program  returns  a 1 if  the  answer  is  true,  otherwise  aO 
is  returned.  Line  20  of  the  coded  sequence  is  an  Instruction  to  "transfer 
on  non-zero".  Therefore,  If  OPEN  DIAMETER  of  the  previous  instruction  returns 
a true  indication  of  1,  the  instruction  at  line  20  will  transfer  to  line  00 
which  is  coded  to  transfer  to  a program  called  CUT  — this  program  identifies 
surfaces  to  be  cut  in  an  operation. 

The  example  and  discussion  provided  above  are  intended  only  to  provide 
some  insight  into  the  code  generation  procedure.  This  is  a complex  program 
and  requires  much  more  space  to  document  than  is  available  in  this  report. 
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APPENDIX  E 


PROCESS  DECISION  MODEL  FOR  NITRALLOY  SLEEVES 


The  process  decision  model  used  in  the  CPPP  demonstration  is  given  below. 
CPPP  executes  this  model  to  generate  a sequence  of  operations  for  parts  in  the 
nitralloy  sleeve  family. 

Nitralloy  sleeves  are  made  from  bar  stock  and  generally  do  not  exceed 
six  inches  in  length  or  two  inches  in  diameter.  Parts  are  characterized  by 
stepped  diameters;  complex  groove  patterns;  through  holes;  tight  tolerances  and 
surface  finish;  form  conditions  of  concentricity,  straightness  and  flatness; 
and  rotational  and  nonrotational  features  such  as  radial  holes,  windows  and 
flats.  Also,  requirements  exist  for  gas  nitriding,  copper  plating,  through 
hardening,  nickel  plating,  electrofilming  and  other  nonmachining  operations. 

Figure  El  illustrates  the  shape  variance  of  parts  covered  by  the  process 
model.  The  model  has  been  programmed  for  a large  family  of  parts  with  signi- 
ficant variances  of  geometry,  machined  features,  form  conditions,  etc.  The 
same  model  with  minor  modifications  could  be  used  for  nonnitrided  sleeves 
and  other  kinds  of  parts  of  similar  shape  that  are  made  from  bar  stock. 

The  model  is  programmed  in  the  Computer  Process  Planning  Language  (COPPL) 
defined  in  Appendix  D.  Explanatory  notes,  identified  by  an  "N"  at  the  right 
margin,  give  the  motivation  for  individual  process  rules  or  several  rules. 

These  notes  are  not  a part  of  the  model  executed  by  CPPP;  they  are  ignored 
when  the  model  is  compiled  by  the  language  processor.  They  are  included 
in  the  model  to  provide  documentation. 

Appendix  F explains  each  of  the  special  vocabiilary  terms  used  in  the 
nitralloy  sleeve  model. 
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APPENDIX  F 

VOCABULARY  PROGRAMS 


Process  decision  modeling  enables  process  planners  to  develop  their  own 
vocabulary  when  expressing  the  models  in  the  special  computer  process  planning 
languaige  (COPPL).  CPPP  requires  that  each  vocabulary  term  be  defined  and 
implemented  in  the  form  of  a "vocabulary  program."  These  programs  are  executed 
by  CPPP  for  each  occurrence  of  the  respective  vocabulary  terms  in  the  process 
decision  models.  Each  vocabulary  program  is  programmed  to  perform  one  of  six 
general  functions : 

1.  Perform  logical  test  for  part  surface/feature.  These  programs  answer 
"true"  or  "false"  for  a given  part  surface  or  feature.  For  example, 
the  program  for  "seraiopen  diameter"  determines  whether  a given  surface 
is  part  of  a semiopen  diameter. 

2.  Determine  quajititative  attribute  of  part  surface/feature.  These 
programs  retrieve  or  calculate  a numerical  value  associated  with 
a particular  attribute  of  a given  surface  or  feature.  "Diametral 
tolerance,"  for  instance,  retrieves  the  diametral  tolerance  of  a 
surface. 

3.  Perform  logical  test  for  the  part.  Here  a "true"  or  "false"  condition 
is  determined  for  the  part  as  a whole.  One  such  program  is  "nickel 
plate  requirement,"  which  gives  a positive  answer  if  any  portion  of 
the  part  is  to  be  nickel  plated. 

4.  Determine  quantitative  attribute  of  part.  These  programs  retrieve 
or  calculate  a quantitative  attribute  of  the  part  as  a whole.  "Part 
length,"  for  example,  returns  the  finished  length  of  the  part  being 
planned . 

5.  Test  acceptance  of  defined  operation.  These  programs  may  modify  the 
list  of  part  surfaces/features  participating  in  an  operation.  They  add 
or  delete  surfaces/features  from  an  operation  or  leave  the  operation 

as  initially  defined  by  the  process  decision  rule.  For  example,  the 
vocabulary  program  "minimum  diameter  separation"  will  selectively 
eliminate  diameters  from  being  cut  in  an  operation  if  adjacent  dia- 
meters are  not  separated  by  a specified  minimum  distance. 
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Establish  standard  part  orientation.  This  type  of  program  sets  the 
normal  part  orientation.  Subsequent  uses  of  the  words  "normal"  or 
"reverse"  in  process  rules  are  interpreted  accordingly.  For  instance, 
"longest  OD  setup"  establishes  the  normal  setup  orientation  as  that  in 
which  the  longest  outside  diameter  of  the  part  is  exposed  for  machining. 


As  the  functional  classification  above  suggests,  the  use  of  vocabulary  terms 
in  a process  decision  model  must  be  compatible  with  their  context.  Table  FI 
identifies  the  appropriate  use  of  each  vocabulary  class  in  terms  of  the  lan- 
guage constructions  specified  in  Appendix  D. 


TABLE  FI.  VOCABULARY  TERM  USAGE 


Table  F2  lists  the  vocabulary  terms  used  in  formulating  the  process 
decision  model  for  nitralloy  sleeves.  The  model  is  given  in  Appendix  E.  A 
brief  description  of  each  vocabulary  program  is  provided  below. 


220 


B77-9k262^-lk 


TABLE  P2.  VOCABULARY  TEEMS 


Term  Class 

Term 

Class 

Bore  Edge  Break  , 

2 

Multiple  Cuts 

5 

Chamfer 

1 

Nickel  Plate  Requirement 

3 

Concentricity 

2 

Nickel  Plated 

1 

Counterbore 

1 

Nitrided  Surface 

1 

Counterbore  Feature 

1 

Humber  of  Cuts 

2 

Cut 

1 

Open  Diameter 

1 

Cut  Diameter  Faces 

5 

O.Seal  Groove 

1 

Cut  Sleeve  Feature 

3 

Part  Length 

4 

Cut  Timing  Feature 

3 

Radial  Hole 

1 

Diameter 

1 

Rectangular  Window 

1 

Diameter  Dimension 

2 

Relief 

1 

Diametral  Tolerance 

2 

Relief  Face 

1 

Electrofilm  Surface 

1 

Resulting  Longest  Diameter 

5 

End 

1 

Roundness 

2 

Exposed 

1 

Semiopen  Diameter 

1 

Feature  Location 

2 

Sharp  Edge  Feature 

1 

Flat 

1 

Shoulder  Height 

2 

Free  End 

1 

Slot 

1 

Groove 

1 

Straightness 

2 

Largest  OD 

1 

Surface  Finish 

2 

Lateral  Tolerance 

2 

Thru  Bore 

1 

Longitudinal  Hole 

1 

Timing  Condition  Met 

5 

Longest  OD 

1 

Timing  Feature 

1 

Longest  OD  Feature 

1 

Timing  Feature  Requirement 

3 

Longest  OD  Setup 

6 

Timing  Feature  Setup 

6 

Minimum  Diameter  Separation 
Minimum  Groove  Separation 

5 

5 

Window 

1 
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ClASG  1 --  PbTO'ORM  iHIRKACK  LOGICAL  TKGT 


COUOTKRHOKK 

Dcterminoi!  if  a part  inirface  a 
surface  of  a counterhore  feature. 

The  surface  cau  bo  either  au  inter*, 
rial  diameter  that  is  open  to  one  end 
of  the  bore  or  the  upstepping  verti- 
cal or  tapered  surface  intersecting 
with  the  counterbore  internal 
diameter. 


CUT 

Determines  if  a surface  or  feature 
has  been  cut  in  a previous  operation. 

.1 
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DIAMETER 

Determines  whether  a surface  is  a 
primar>'  diameter;  the  diameters  of  a 
feature  are  not  considered  primary 
dliuneters. 


•PRIMARY 


DIAMETERS 


ELKCTROFIIM  SURFACE 


Determines  if  a surface  or  feature 
has  an  elect rofilra  requirement. 


Determines  if  a surface  is  an  end  of 
the  part. . 


F.xposro 

Determines  if  a part  surface  or  fea- 
ture is  "open"  as  seen  by  line  of 
sight  from  the  free  end  of  the  part. 

A surface  is  not  exposed  if  there  is 
an  interference  in  the  line  of  sight. 
Machined  features  (e.g.,  grooves) 
are  exposed  if  their  parent  surfaces 
are  exposed. 


EXPOSED 


GlIRFACES 


FIJVT 

Dftermitu?;-  IC  the  feature  is  n flat 
Of  whet  tiof  t.tu're  i.-.  a pat  tern  of 
flats  (e.f, multiple  flats  angu- 
larly ilisplaeeil  aro\irui  ♦ he 
o i tanunference  ) , 


KRKK  1-:NT) 

Dot  ermines  il'  a surface  is  t he  ex- 
pos.cii  eiiil  of  t he  part  (t  hi'  right  etui 
in  a setup). 


FRKK 

KND 


URGKST  OD 

Determines  if  a part  surface  is  the 
largest  outside  diamet.er. 
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LONGITUDINAL  HOLE 

Determines  whether  a feature  Is  a 
longitudinal  hole  (the  axis  of  the 
hole  is  parallel  to  the  part  center 
line)  or  whether  there  is  a hole 
pattern  (e.g.,  bolt  hole  circle). 


LONGITUDINAI. 
^ HOLE 


LONGEST  OD 

Determines  whether  a surface  is  the 
longest  uninterrupted  outside 
diameter. 


LONGEST  OUTSIDE 
/ DIAMETER 


LONGEST  OD  FEATURE 

Determines  if  the  feature  is  in- 
stalled in  the  longest  outside 
diameter. 


FEATirRE  IN  LONGEilT 
f OUTSIDE  DIAMETER 


NICKEL  PLATED 

Determines  if  a surface  or  feature 
is  to  be  nickel  plated. 


NITRIDED  SURFACE 

Determines  if  a surface  or  feature 
is  to  be  nitrlded. 
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O.ShAL  GROOVE 

Determines  if  a feature  is  identi- 
fied as  an  O.seal  groove. 


RADIAL  HOLE 

Determines  whether  a feature  is  a 
radial  hole  (the  eixis  of  the  hole  is 
perpendicular  to  the  part  center 
line)  or  whether  there  is  a radial 
hole  pattern  (e.g.,  multiple  holes 
angularly  displaced  around  the  cir- 
cumference) . 


RADIAL 


REGTANGULAR  WINDCW 

Determines  if  a feature  is  a window 
of  rectangular  shape. 


'.’(1 
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relief 


Determines  if  a feature  is  a relief. 


RELIEF 


RELIEF  FACE 

Determines  if  a part  surface  is  a 
face  extending  out  from  a relief 
feature. 


RELIEF 

FACE 


SIWIOPEN  DIAMETER 

Determines  if  a surface  is  either 
the  shoulder  (vertical  or  tapered) 
or  diameter  of  a semiopen  diameter. 


SURFACES  OF 
SIMIOPEN  DIAMCTKR 


SHARP  EDGE  FFJVTURE 

Determines  if  a part  surface  is  the 
diameter  or  face  (vertical  or 
tapered)  of  a oounterbore  with  a 
width  and  height  less  than  or  equal 
to  .020.  This  counterbore  must  be 
adjacent  to  the  thru  bore. 


SHARP  EDGE  FEATURE 


Determines  if  a feature  is  a slot  or 
whether  there  is  a pattern  of  slots 
(e.g.,  multiple  slots  angularly  dis- 
placed around  the  circumference). 


THRU  BORE 

Determines  if  an  internal  diameter 
is  the  smallest  one  and  is  open  to 
both  ends  of  the  part . 

I 

i 


TIMING  FEATURE 

Determines  if  a feature  is  a timing 
feature. 


WINDOW 

Determines  whether  a feature  is  a 
window  or  window  pattern 
(e.g.,  multiple  windows  angularly 
displaced  around  the  circumference). 


J, 


2?8 
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CLASS  2 — ACCESS  SURFACE  ATTRIBUTE 


BORE  EDGE  BREAK 

Accesses  the  edge  break  condition  at 
the  intersection  of  the  feature 
(hole  or  window)  and  the  bore. 


CONCENTRICITY 


J 


Determines  the  tightest  concentric- 
ity condition  associated  with  a 
diameter.  If  there  is  no  concen- 
tricity requirement,  a large  default 
value  is  returned. 


DIAMETER  DIMENSION 

Retrieves  the  dimensional  value  of  a 
diameter  surface. 


I 

DIAMETRAL  TOLERANCE 

Retrieves  the  dimensional  tolerance 
of  a diameter  surface. 


i 


2: 
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FEATURE  LOCATION 

Determines  the  location  of  a feature 
as  the  lateral  distance  from  the  free 
end  of  the  part- . 


-DISTANCE- 


LATERAL  TOLERANCE 

Retrieves  the  lateral  tolerance 
associated  with  a part  surface  or 
feature. 


NUMBER  OF  CUTS 

Determines  the  number  of  cuts  that 
have  been  made  on  a surface  or 
feature. 


ROUNDNFSS  ^ 

Retrieves  the  roundness  condition 
associated  with  a diameter.  If  there 
is  no  roundness  requirement,  a de- 
fault value  is  returned. 


2^0 


R77-9U2625-11* 


SHOULDER  HEIGHT 

Determines  the  height  of  the  shoul^^ 
der  associated  with  stepped  outside 
diameters  or  inside  diameters. 


STRAIGHTNESS 

Retrieves  the  straightness  condition 
associated  with  a diameter.  If 
there  is  no  straightness  requirement, 
a default  value  is  returned. 


SURFACE  FINISH 

Accesses  the  finish  specified  for  a 
surface.  If  there  is  no  surface 
finish  requirement,  the  prograun  re- 
turns a default  value. 
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CLASS  3 --  PERFORM  PART  LOGICAL  TEST 

aiT  SLEEVE  FEATimE 

Determines  if  a sleeve  feature  (slot, 
flat,  window  or  hole)  has  been  cut  in 
a previous  operation. 


CUT  TIMING  Ff'^ATURE 

Determines  if  a feature  desig- 
nated as  the  timing  feature  has 
been  cut  in  a previous  operation. 
If  the  part,  does  not  have  a 
timing  feature,  the  vocabulary- 
program  will  return  a defavilt 
answer . 


NICKEL  PLATE  REQUIRIMEOT 

Determines  whether  the  part  has  at 
least  one  surface  or  feature  that  is 
to  be  nickel  plated. 


TIMINC.  FEATirRE  REQUIRiMEm’ 

Determines  if  the  part,  has  a timing 
featxu-e  control  for  installing  other 
features . 


1 

1 

I 

i 

t 

1 

1 

* 

i 

1 

J 


R77-91*2625-1‘* 


1 


CLASS  U — ACCESS  PART  ATTRIBUTE 

part  length 

Determines  the  overall  length  of 
the  part. 


Adds  a face  or  t aper  of  a semi- 

open  diiuneter  or  counterbore  to  the  ' 


list  of  surfaces  to  be  cut  if  its 
adjacent  diameter  is  to  be  cut  in 
the  operation  and  there  is  tio  cut 
relief  feature. 


KPARATION  (X) 


MIND'U'M  DIAMCTKR 


Determines  if  the  distance  between 
adjacent  di;uneters  formed  by  the 
operation  is  at  least  equal  to  a 
specified  minimxim  (x'\.  The  program 
determines  the  combination  of  cuts 
to  be  made  if  these  diameter  separa^ 
t ions  are  less  than  the  minimvun 
value. 


HEIGHT  BirrWEKN 
DIAMCTERS 


MINIMUM  C.RtXIVE  SEPARATION  (X) 


Determines  if  the  distance  between 
adjacent  grooves  formed  in  the 
operation  is  at  least  equal  to  a 
specified  minimun  (x).  This  progrjim 
determines  which  grooves  should  be 
deleted  from  the  operation  if  there 
are  separations  less  than  the 
minim\im. 


DIDTANOE  P't-rrWE™  GRtXWE 


MULTIPLE  CUTS 


F 


Determines  if  more  than  one  surface 
is  cut  in  this  operation.  If  not, 
the  program  will  delete  the  opera- 
t ion . 


RESULTING  LONGEST  DIAMETER  (X) 

Determines  if  the  length  of  the 
longest  diameter  formed  in  the 
operation  is  equal  to  or  longer  than 
a specified  percentage  (x)  of  the 
part  length.  If  the  length  is  less 
than  the  minimum,  the  program  will 
delete  the  cut(s)  so  that  the  re- 
maining diameters  to  be  formed  are 
equal  to  or  longer  than  the  minimtun. 


I 

TIMING  CONDITION  MET 

Determines  if  the  timing  feature  of 
each  feature  (e.g.,  flat,  slot, 
window,  hole)  to  be  cut  has  also  been 
cut  or  will  be  cut  in  the  same  opera- 
tion. If  a feature  has  no  timing 
feature  requirement,  the  condition  is 
considered  met.  The  program  will 


eliminate  any  feature  from  the  opera- 
tion whose  timing  feature  is  not  cut. 
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CLA!';-;  6 --  ORIl'J^T  PACT 


LONOKST  OD  SCTUr 

Ork'nin  the  part  so  that  the  long- 
est outside  diiimeter  Is  located  on 
the  exposed  side  ol'  ttie  part.  In 
norm;ul  oriei\tat,ion. 


TIMING  FIOTUItK  GCTUT' 

Drient.s  the  part,  so  l.liat,  t.tie  timing 
t'ljat.ure  wiil  he  open  (exposed)  to 
tile  rigid,  side.  Tl'  l.lie  I. iming  t'e.'i- 
t \ire  can  be  seen  from  eit.her  side, 
t.he  part  will  be  orietd.cxi  so  that 
the  t'e.'it.ure  is  closest,  to  tlie  right. 
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APPENDIX  G 


TYPEG  OF  CUTS 


Detailing:  of  a metalcutting  operation  includes  determination  of  the  type 
of  cut  made  on  each  part  surface  or  feature  machined  in  the  operation.  CPPP 
uses  cut  application  programs  to  make  this  determination.  (See  2.3.3.) 

For  each  machine  tool  in  the  CPPP  data  base,  there  is  a list  of  the  types 
of  cuts  the  machine  can  make.  Associated  with  each  cut  type  is  a computer 
program  that  tests  the  workpiece  data  for  the  particular  cut.  When  CPPP  plans 
an  operation  for  a machine  tool  and  cut  sequence,  the  appropriate  type  of  cut 
is  determined  for  each  cut  in  turn,  lliis  is  done  by  invoking  the  machine's  cut 
application  programs  until  the  applicable  one  is  encountered.  Thus,  a cut 
application  program  is  programmed  as  a logical  function.  It  responds  "true" 
or  "false"  to  the  proposition  that  its  associated  type  of  cut  is  appropriate 
for  a given  part  surface  or  feature  to  be  cut  in  the  operation  . 


Table  Gl  lists  the  types  of  cuts  available  in  the  demonstration  CPPP  system. 
The  remainder  of  this  appendix  gives  a description  of  each  cut  application 
program. 


K77-9l»26r'5-llt 


TA15LE  Gl.  'nPEG  OF  CUT;' 


'l\irn 

atul 

Form  ‘Cdioulder  or 

Had  i ur. 

Form  Chamfer 

Bore 

and 

Form  Olioulder  or 

Had  i ur. 

Dri  1 1 I'ore 

Fare 

and 

Form  Uiameter  or 

Hadiur. 

Drill  IVire  and 

IV're 

and 

Face 

Drill  Bore  find 

Hearn 

I Vi  re 

find 

Ffic  e 

Drill  Hole 

Fare 

and 

^'urn 

Drill  Hole  and 

Hearn 

Face 

and 

l<ore 

Counterr.  ink 

'I'lU'n 

and 

Clt'ar  ;'lioulder 

Grind  Diann'ter 

Bore 

and 

Clear  Cdioulder  oi 

Knd  of  Bore 

Grind  Face 

Fac  e 

and 

Clear  Uituneter 

Grind  Knd 

'l\irn 

i>peti 

Diameter 

Grind  Diamei.ei' 

and  Face 

Bore 

Open 

Diameter 

Crur.li  Grind 

Face 

Open 

Hone  Diameter 

Cutoff 

hap  Difuneter 

Generate 

Contour 

Mill  Feature 

Form 

Tapered  Contour 

KDM  Feature 

Form 

Groove 

Chape  Feature 

riun|.’;e  and  Cut  Groove 

Tap  Holes 

Form 

Fin 
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TURN  AND  FORM  SHOULDER  OR  RADIUS 
BORE  AND  FORM  SHOULDER  OR  RADIUS 

An  upstepping  external  shoulder  or  down- 
stepping internal  shoulder  is  formed  by 
the  shape  of  the  cutting  tool.  The 
shoulder  may  be  a straight  surface  or  a 
radius.  The  included  angle  may  vary  from 
90°  to  135°,  with  a maximum  taper  length 
of  .UOO,  depending  on  the  type  of  lathe 
control  and  whether  a rough  or  finish  cut 
is  made.  Tapered  shoulders  are  generated 
on  NC  or  tracer  controlled  lathes  except 
for  rough  cuts  where  standard  cutter  tools 
can  be  used.  One  or  more  cuts  may  be  re- 
quired, depending  on  the  amount  of  stock 
removed  in  each  cutting  pass.  The  parame- 
ters of  the  cuts  are  specified  below: 


T 


± 


M 


Type  of  Machine 

Manual,  Automatic 
Semiautomatic 

Numerical  Control, 
Tracer  Lathe 

Type  of  Cut 

rough 

finish 

rough 

finish 

Included  Angle 

90-135 

90-135 

90,  105, 
120,  135 

90 

Shoulder  Height 
(A  = 90°) 

i .400 

5.100 

5.400 

5.100 

Taper  Length 
(A  > 90°) 

^.hoo 

5.100 

5.400 

n/a 

Radius 

s:.250 

5.125 

5.125 

5.125 

t/h 

21. 0 

2I.O 

2I.0 

21.0 

239 


I 


; I 
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FACE  AND  FORM  DIAMETER  OR  RADIUS 


A diameter  or  fillet  radius  is  formed  by 
the  shape  of  the  cutting  tool.  The  in- 
cluded angle  may  vary  from  90°  to  135° > 
with  a maximum  taper  length  of  .UOO, 
depending  on  the  type  of  lathe  control  and 
whether  a rough  or  finish  cut  is  made. 
Tapered  diameters  are  generated  on  NC  or 
tracer  controlled  lathes  except  for  roijgh 
cuts  where  standard  cutter  tools  can  be 
used.  There  may  be  one  or  more  cuts  re- 
quired depending  on  the  amount  of  stock 
removed  in  each  cutting  pass.  The  parame- 
ters of  the  cut  are  specified  below: 


rType  of  Machine 


rrype  of  Cut 


Included  Angle 


[Diameter  length 

(A  = 90°) 


[Taper  length 

(A  > 90°) 


Radius 


H ^ k- 


T 

h 


\ 


'll 


T 

h 

JL 


Manual,  Automatic, 
Sem  iaut  omat  ic 


rotigh 


90-135 


^.400 


S.UOO 


^.2^0 


< 1.0 


finish 


90-135 


5:. 100 


i.lOO 


i.125 


< 1.0 


Numerical  Control, 
Tracer  Lathe 


rough 


90,  105, 
120.  135 


S.400 


^.400 


^.125 


< 1.0 


finish 


90 


s.ioq 


n/a 


^.125 


<i.ci 
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TURN  AND  FACE 
BORE  AND  FACE 


A shoulder  is  cut  that  cannot  be  formed  by 
the  shape  of  the  cutting  tool.  The  cut  is 
made  by  cutting  in  two  directions.  There 
can  be  one  or  m\iltiple  cuts  in  either 
direction  depending  on  the  amount  of  stock 
removed  in  each  cutting  pass.  The  parame- 
ters of  the  cut  are  specified  below: 


I 

t 


Type  of  Machine 

Manual,  Automatic, 
Semiautomatic 

Numerical  Control, 
Tracer  Lathe 

Type  of  Cut 

rough 

finish 

rough 

finish 

Included  Angle 

90 

90 

90 

90 

Shoulder  Height 

>.1+00 

>.100 

>.4oo 

>.100 

Radius 

£.250 

£.125 

£.125 

£.125 

f/h 

(cut  from  solid) 

sl.O 

2l.O 

al.O 

al.O 

ds/fs 

(not  from  solid) 

al.O 

al.O 

il.O 

2l.O 

i 


I 
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FACE  AND  TURN 
FACE  AND  BORE 

A shoulder  is  cut  that  cannot  be  formed  by 
the  shape  of  the  cutting  tool.  The  cut 
must  be  made  by  cutting  in  two  directions. 
There  can  be  one  or  multiple  cuts  in  either 
direction  depending  on  the  amount  of  stock 
removed  in  each  cutting  pass.  The  parame- 
ters of  the  cut  are  specified  below: 


a 
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TURN  AND  CLEAR  SHOULDER 

BORE  AND  CLEAR  SHOULDER  OR  END  OF  BORE 

A diameter  is  cut  with  the  requirement  to 
feed  the  cutting  tool  up  to,  but  clearing, 
the  surface  of  a shoulder.  Outside  diame- 
ters will  be  cut  with  a turning  tool,  and 
inside  diameters  with  a boring  tool. 

There  may  be  one  or  multiple  cuts  required 
depending  on  the  amount  of  stock  removed 
in  each  cutting  pass. 


FACE  AND  CLEAR  DIAMETER 

A face  is  cut  with  the  requirement  to  feed 
the  cutting  tool  into,  but  clearing,  the 
adjacent  diameter  or  tapered  surface.  The 
face  cut  can  be  internal  or  external  to 
the  part,  can  be  a "back"  face,  groove  face 
or  any  exposed  face.  There  may  be  one  or 
multiple  cuts  required  depending  on  the 
amount  of  stock  removed  in  each  cutting 

j pass. 

i 


TURN  OPEN  DIAMETER 
BORE  OPEN  DIAMETER 

An  open  diameter  is  cut  permitting  a thru 
cutting  operation.  Outside  diameters  are 
cut  with  a turning  tool  and  inside  diame- 
ters with  a boring  tool.  There  may  be  one 
or  multiple  cuts  required  depending  on  the 
amount  of  stock  removed  in  each  cutting 
pass. 

j 


llZ_Z 


jmm 


mum 


viimih 


2l*3 
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FACE  OPEN 

An  open  face  or  end  of  a part  is  cut  per- 
mitting a thru  cutting  operation.  The 
face  cut  can  be  internal  or  external  to 
the  part.  There  may  be  one  or  more 
multiple  cuts  required  depending  on  the 
amount  of  stock  removed  in  each  cutting 
pass . 


urn'' 


CUTOFF 

The  workpiece  is  separated  from  the  bar 
stock.  The  cut  applies  only  to  bar 
machines  and  only  one  cut  is  made. 


mm 
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i 

I 

* 

( 

r 
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GENERATE  CONTOUR 

At  least  one  tapered  svirface  is  cut  or  a 
fillet  radius  greater  thaji  .125  is 
generated.  A numerical,  controlled  lathe 
or  a lathe  with  tracer  control  must  be 
used  to  make  the  cut . The  cut  is  not  made 
on  a manual,  autmatic  or  seniautomatic 
lathe.  There  can  be  multiple  cuts  depend- 
ing on  the  amount  of  stock  removed.  The 
parameters  of  the  cut  are  specified  below; 


I 

i 

( 


f 


Type  of  Machine 

Manual,  Automatic, 
Semiautomatic 

Nmerical  Control, 
Tracer  Lathe 

Type  of  Cut 

n/a 

N/A 

rough 

finish 

Width  of  Cut 
(w  > d) 

n/a 

n/a 

>.300 

>.100 

Depth  of  Cut 
(d  > w) 

n/a 

n/a 

>.300 

>.100 

Radius 
(no  tapers) 

n/a 

n/a 

>.125 

>.125 

i 
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FOFM  TAPERED  CONTOUR 

A contour  consisting  of  a taper  and  located 
at  a corner  is  formed  by  the  shape  of  the 
cutting  tool.  In  general,  a specific  tool 
will  be  required  to  form  the  contoiir.  The 
contour  can  be  external  or  internal  to  the 
part.  The  parameters  of  the  cut  are  speci- 
fied below: 


Tvue  of  Machine 

Manual,  Automatic, 
Semiautomatic 

Numerical  Control, 
Tracer  Lathe 

Type  of  Cut 

rough 

finish 

rough 

finish 

Width  of  Cut 
(w  > d) 

s 1.0 

i.500 

i.300 

s.lOO 

Depth  of  Cut 
(d  2 w) 

i 1.0 

i.500 

o 

o 

m 

S.100 

j 


2it6 
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FORM  GROOVE 

A groove  or  relief  is  formed  by  the  shape 
of  the  cutting  tool.  The  groove  can  be  cut 
into  any  surface  external  or  internal  to 
the  part.  In  general,  grooves  are  always 
formed  if  they  are  within  a specified  width. 
Larger  grooves  are  formed  by  several  plunge 


cuts  depending  on  the  site  of  the  groove's 
radii.  When  using  numerical  control  or 
tracer  lathes,  the  preference  is  to  plunge 
and  turn  larger  size  grooves  or  grooves 
whose  radii  can  be  generated.  The  parame- 
ters of  the  cut  are  specified  below: 


i ^ i 


t 


T 


Manual,  Automatic, 
Semiautomatic 

Numerical  Control, 
Tracer  Lathe 

ro\igh 

finish 

rough 

finish 

Condition  A 
(surfaces  i3) 

w i 1.0 

w s .500 

w s;  .500 

w s . 300 

Condition  B 
( surfaces  = 3 ) 

1.0<  w s 1,5 

hi  > Ti 

■BaBnH 

WEmBtm 

Condition  D 
(surfaces  =3) 

>4 


2 
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PLUNGE  AND  aiT  GROOVE 


A groove  or  recess  is  generated  by  a 
combination  of  plunge  and  turning  or 
boring  cuts.  The  groove  can  be  cut  into 
!Uiy  surface  external  or  internal  to  the 
part.  In  general,  larger  size  grooves  are 
not  formed  by  a single  direction  plunge  nor 
will  grooves  with  large  radii.  Numerical 
control  or  tracer  lathes  must  be  used  to 
cut  grooves  with  tapered  surfaces.  There 
may  be  multiple  cuts  depending  on  the 
amount  of  stock  removed.  The  parameters 
of  the  cut  are  specified  below; 


Type  of  Machine 

Manual , Aut  omat i c , 
Semiautomat ic 

Numerical  Control, 
Tracer  I-athe 

Type  of  Cut 

rough 

finish 

rough 

finish 

Condition  A 

w>1.5 
no  tapers 

w >1.5 
no  tapers 

w > 1.0 

w > 1.0 

Condition  B 
(surfaces  = 3) 

1.0<w  ;sl.5 
r^  or  r^  > h^^or  h^ 
no  tapers 

. 500  < w <-1.50 
i-j  or  r2>h2orh^ 
no  tapers 

. BOO  w i 1 . 0 

I'j  >,?00 

.300<  w > .500 
>.050 
h^orti^<  r^  or  1*0 

Condition  C 
(surfaces  =3) 



. 500  < w 1 . 0 
I'l  or  r,>,050 

I 
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FORM  FIN 

A particvilar  kind  of  feature  is  formed  by 
the  shape  of  a speciaJ.  cutting  tool.  The 
feature  can  be  cut  into  any  flange  external 
or  internal  to  the  part. 


i 


FORW  CHAMFER 

A chamfer  is  formed  by  the  shape  of  the 
cutting  tool.  Chamfers  are  small  tapers 
located  at  the  corners  of  a part.  The 
length  of  a formed  chamfer  must  be  .UOO  or 
less . 


2U9 
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PRIM.  PORK 

An  Uit.eriifil  dlnmoter  pnrfiUel  to  tho  center 
11(10  Ik  I'ormoil  by  cutting  into  or  tin'll 
solid  material.  The  parameters  of  the  cut 
art' ; 


Machine 

'oiullt  ion  A turret  lathe 
’ondil.  ion  P turret,  .lathe 


i’ypt'  of 
fut. 

finish 

finish 


niam<*ter 
.;j‘iO  - .‘>00 
> .'lOO 


Tol  er.'iiieo 

>.001  I < 1 .0 
>.001 


PRIM.  PORK  ANP  PORK 

An  Internal  dianu't  er  parallel  t.o  the  centet 
lltu'  is  formed  from  solid  by  a final  opern- 
t.  ion  (l.e.,  the  diameter  is  finish  cut.'). 

The  paramet.ers  of  the  cut.  are; 


s 


ondit.  Ion  A 


Oondit.  ion  P 


Machine 


t urret,  l.al  he 


t.urret.  lat.he 


i'ype  of 
Out 


finish 


f Inisli 


Piiunct  er 


>.‘.>00 


i’ol  crane  e 

t/d 

•.  .001 

>1.0 

>.001 

\wm 
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DRILL  BORi;  AND  RI]AM 

An  internal  diameter  parallel  to  the  cen- 
ter line  is  formed  from  solid  by  a final 
operation  (i.e.,  the  dit\meter  is  finish 
cut).  The  parameters  of  the  cut  are: 


i 

T 


muiii 


wm 


DRILL 

RFAM 


Machine 

Type  of 
Cut 

Diameter 

Tolerance 

t/d 

Condition  A 

turret  lathe 

finish 

.250  - .500 

s.OOl 

2 1.0 

Condition  B 

turret  lathe 

finish 

< .250 

s.OOl 

n/a 

DRILT,  HOLK 

A radial,  longitudinal  or  angular  hole  Is 
formed.  Depending  on  the  size  (diameter)  of 
the  hole  and  tolerance,  holes  may  or  may  not 
require  reaming.  The  following  parameters 
are  for  holes  that  require  only  a drilling 
operation  on  a drill  press: 


1 

I 


-►I  .1  I— — 

I 


Condit ion 

A 

B 

C 

D 

K 

Diameter 

< .125 

.125  - .250 

.250  - .500 

.500  - 1.0 

> 1.0 

Tolerance 

> .002 

> .OOU 

> .005 

2 .010 

.ois 

A 
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DRILL  HOLE  AND  REAM 

A r.'idial,  longitudinal  or  angular  hole  is 
formed.  Depending  on  the  size  (diameter) 
of  the  hole  and  tolerance,  holes  may  or  may 
not  require  reiuning.  The  following  parame- 
ters are  for  holes  that  require  both  drilling 
and  reiunlng  on  a drill  press: 


(f 


oniLi 

REAM 


1 uMm 

1 1 II 


-OHILl 

‘REAM 


Condition 

A 

B 

C 

D 

E 

Diameter 

<.125 

.500  - 1.0 

>1.0 

Tolerance 

< .002 

<.oo4 

^.005 

<.010 

< .015 

ca/OTrosiNK 

A tapered  surface  or  chamfer  is  formed  at 
the  opening  of  a bore  or  radial,  longi- 
tudinal or  angular  hole.  If  the  diameter 
of  the  bore  is  greater  than  2.0,  the  cut 
is  made  with  a chfunfer  tool  instead  of  a 
countersink . 


l.  ^ 
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GRIND  DIAMETER 


An  inside  or  outside  diameter  is  ground. 

The  diameter  can  be  open  on  both  ends  or 
boxmdod  on  end  by  a shoulder.  The  require- 
ment for  grinding  is  specified  by  the 
process  decision  rules. 


I 


t 


GRIND  FACE 

A face  Is  ground.  The  face  cut  can  be  in- 
ternal or  external  to  ttie  part.  It  can  be 
the  side  of  a groove.  The  nxiuirement  for 
grinding  is  specified  by  the  process 
decision  rules. 


GRIND  END 

The  end  of  the  part  Is  ground.  The  require- 
ment for  grinding  is  specified  by  the 
process  decision  rules. 


I 

> 

i 


1 


ill 


J 
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GRIND  DIAMETER  AND  FACE 

A diameter  and  face  are  ground  in  the  same 
operation.  The  shoulder  feature  can  be 
internal  or  external  to  the  part.  The  re- 
quirement for  grinding  is  specified  by  the 
process  decision  rules. 


whl 


o» 


CRUSH  GRIND 

Recessed  features  (e.g.,  grooves)  are 
ground  into  an  outside  diameter.  The 
requirement  for  crush  grinding  is  speci- 
fie(i  by  the  process  decision  rules. 


HONE  DIAMETER 

An  inside  diameter  is  honed.  The  re- 
quirement for  honing  is  specified  by 
the  process  decision  rules. 


LAP  DIAMETER 

A diameter,  internal  or  ejcternal  to  the 
part,  is  lapped.  The  requirement  for 
lapping  Is  specified  by  the  process 
decision  rules. 
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MILL  FEATURE 

A feature  (e.g.,  slots,  flats,  windows)  is 
milled.  The  requirement  for  milling  if 
specified  by  the  process  decision  rules. 


EDM  FEATURE 

A feature  (window  or  hole)  is  cut  by  an  EDM 
operation.  The  requirement  for  EDM  is 
specified  by  the  process  decision  rules. 


SHAPE  FFATURE 

A particular  type  of  feature  (flat,  slot, 
window,  lug,  tab)  is  cut  into  a diameter. 
The  requirement  for  each  type  of  cut  is 
specified  by  the  process  decision  rules. 


TAF  HOLES 


A radial,  longitudinal  o-  angiilar  hole  is 
threaded. 
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APPENDIX  H 

DEFENSE  BENEFITS  DATA  AND  CALCULATIONS 


Data  and  calculations  generated  in  the  analysis  of  defense  benefits  from 
CPPP  are  reported  in  this  appendix.  The  contents,  in  order,  are: 

1.  The  survey  sent  to  defense  industry,  with  a compilation  of  responses. 
(The  results  of  an  earlier  general  industry  survey  are  presented  in 
the  Interim  Report,  which  is  incorporated  by  reference  into  the  Final 
Report . ) 

2.  The  CPPP  description  included  in  the  defense  industry  survey. 

3.  The  discounted  cash  flow  analyses  performed  to  estimate  CPPP  benefits 
to  defense  industry.  Six  analyses  were  conducted,  treating  the  demon- 
stration and  enhanced  CPPP  capabilities  for  three  model  defense 
suppliers.  For  each  case,  three  tables  are  given;  inputs,  results, 
and  sensitivity  analyses. 

h.  The  analyses  of  CPPP  impact  on  defense  procurement  costs.  Six  analyses 
are  shown,  projecting  benefits  of  the  demonstration  and  enhanced  CPPP 
systems  on  Army  missile  procurement,  overall  Army  procurement,  and 
Department  of  Defense  procurement. 


- --1^. 


4 
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IIT  Ror.i'.iitli 

10  WcM  30  Slioi  l llliMois  0061t) 

312/567  4000 


Gentlemen; 

The  U.  S.  Army  Missile  Research  and  Development  Command,  under 
its  Manufacturing  Methods  and  Technology  Program  is  sponsoring  the 
development  of  a “omputerized  production  process  planning  (CPPP) 
system.  The  system  will  perform  process  planning  of  machined,  cylin- 
drical, metal  parts.  United  Technologies  Research  Center,  East 
Hartford,  Connecticut,  is  the  contractor  for  this  development.  A 
brief  description  of  the  CPPP  system  accompanies  this  letter. 

One  objective  of  the  program  is  to  project  benefits  of  the  sys- 
tem to  industries  producing  Army  missile  components  or  other  defense 
items.  The  IIT  Research  Institute  (IITRI),  Chicago,  Illinois,  iias 
subcontracted  for  the  majority  of  this  task.  In  the  attached  data 
request,  we  are  soliciting  an  estimate  of  the  cost  reduction  poten- 
tial of  the  CPPP  system.  Should  you  choose  to  respond,  your  estimate 
will  be  consolidated  with  those  of  other  respondees  and  used  in  the 
benefit  projection. 

Your  cooperation  in  the  evaluation  of  this  new  technology  v/ould 
be  very  helpful  and  sincerely  appreciated. 

Cordially, 


yj))hn  D.  Meyer,  Grouix  Leader 
industrial  and  Manufacturing 
Engineering 

JDM/mmo 

Encs. 
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DATA  REQUEST 


The  purpose  of  this  data  request  Is  to  collect  some  general  information 
concerning  your  company  and  products,  your  current  process  planning  procedures 
and  your  estimate  of  the  impact  the  prototype  process  planning  system  would 
have  on  your  manufacturing  operation.  All  data  will  be  considered  proprietary 
and  will  be  summarized  or  consolidated  so  that  specific  sources  cannot  be  iden- 
tified. 


Please  take  a few  minutes  to  read  each  question  carefully  before  answer- 
ing it.  If  the  Information  we  request  is  not  readily  available  or  you  are 
unable  to  obtain  it,  please  give  us  the  best  estimate  you  can. 

In  order  to  complete  our  study  within  the  allotted  time,  we  request  that 
you  complete  this  form  and  return  it  by  April  15,  1977. 

If  you  have  any  questions  or  need  additional  information,  please  feel  free 
to  call  (collect)  Mr.  John  Meyer  at  312/567-4609. 


1.  Does  your  plant  produce  products  which  are  used  in  any  of  the  following? 


Yes 

No 

U.S.  Army  Missiles  and  Rockets 

a 

8 

Yes 

No 

Other  U.S.  Army  Equipment 

0 

10 

Yes 

No 

Other  Dept,  of  Defense  Equipment 

□ 

NUMBER  OF  RESPONSES  ARE  SHOWN  IN  EACH  BOX 
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2.  What  is  the  approximate  dollar  value  of  all  machined,  cylindrical,  metal 
parts  manufactured  in  your  plant  annually?  (By  cylindrical  parts,  we  mean 
those  which  are  symmetrical  about  an  axis  of  rotation  and  the  primary 
manufacturing  operations  are  turning,  boring,  etc.) 

$ 

NUMBER  OF  RESPONSES  =10  ‘ [ 

AVERAGE  = $5il93K  f 

STANDARD  DEVIATION  = $9i669K  j, 

RANGE  = $4K  to  $30.000K  ‘ I 


3.  Approximately  how  much  does  your  plant  spend  annually  for  preparing  or 
modifying  process  plans  for  machined,  cylindrical,  metal  parts?  (This 
should  also  include  process  planning  costs  for  make/buy  studies,  cost 
estimates,  etc.,  if  appropriate.) 

$ 


NUMBER  OF  RESPONSES  = 10 
AVERAGE  = $168K 
STANDARD  DEVIATION  = $139K 
RANGE  = $9K  to  $371K 


4.  Is  your  plant  currently  using  any  form  of  computer  assisted  process 
planning  for  machined,  cylindrical  metal  parts? 


Yes 

No 

m 

0 

5.  Is  your  plant  currently  using  any  form  of  computer  assisted 

process 

• 

. > 

planning  for  other  parts  or  assemblies? 

1 

Yes 

No 

B 

t 
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PLEASE  READ  THE  ENCLOSED  DESCRIPTION  OF  THE  PROCESS  PLANNING  SYSTEM  BEING  DE- 
VELOPED BY  UNITED  TECHNOLOGIES  RESEARCH  CENTER  BEFORE  ANSWERING  THE  FOLLOWING 
QUESTIONS. 


6.  Assuming  such  a system  was  operational  in  your  plant,  what  would  be  the 

approximate  percentage  change  in  the  overall  cost  of  manufacturing  a typ- 
ical machined,  cylindrical,  metal  part  over  one  planned  manually? 
(Changes  in  process  planning  costs,  including  recurring  computer  charges, 
and  the  costs  of  tooling,  direct  labor,  material,  scrap  and  rework,  and 
overhead,  should  be  considered.  Please  exclude  the  costs  of  installing 
and  maintaining  the  system  in  your  estimate.) 

Plus  or  Minus  (circle  one)  % 


NUMBER  OF  RESPONSES  = 13 
AVERAGE  = -9.4% 

STANDARD  DEVIATION  =8.6% 
RANGE  = -29%  to  +10% 


7.  What  would  be  the  percentage  change  in  process  planning  costs  for  machined, 
cylindrical,  metal  parts  if  such  a system  were  used  instead  of  manual 
process  planning? 

Plus  or  Minus  (circle  one)  ^ 


NUMBER  OF  RESPONSES  = 13 
AVERAGE  = -37.5% 

STANDARD  DEVIATION  = 18.7% 
RANGE  = -60%  to  +25% 
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i.  Assuming  that  reliable  software,  good  user  documentation,  and  a training 
source  were  available,  and  that  the  system  was  given  to  you  free  of 
charge,  what  do  you  feel  would  be  a realistic  cost  and  time  for  your  com- 
pany to  Install  such  a system?  (This  should  Include  establishing  Initial 
data  files,  training  of  personnel,  testing  the  system,  etc.  It  should 
exclude  costs  of  computer  hardware.) 


Months 


NUMBER  OF  RESPONSES  = 11 
AVERAGES  = $162K.  10.4  Months 
STANDARD  DEVIATIONS  = $204K.  4.4  Months 
RANGES  = $10K  to  $300K.  4.5  to  18  Months 


If  additional  computer  hardware  would  be  required  to  Install  the  system 
in  your  plant,  please  estimate  its  cost. 


NUMBER  OF  RESPONSES  = 12 
AVERAGE  = $116K 
STANDARD  DEVIATION  = $151K 
RANGE  = $0  to  $500K 


10.  What  would  be  the  approximate  annual  costs  for  maintaining  such  a system? 
(This  should  include  costs  for  program  maintenance  and  updating  of  data 
files. ) 


NUMBER  OF  RESPONSES  = 12 
AVERAGE  = $50. 2K 
STANDARD  DEVIATION  = $41. 2K 
RANGE  = $8K  to  $120K 


I 
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Considering  the  answers  you  gave  to  questions  8,  9,  and  10,  what  percen- 
tage (by  dollar  value)  of  the  machined,  cylindrical,  metal  parts  you 
manufacture  in-house  would  benefit  from  the  system  each  year,  starting 
from  the  time  you  made  the  decision  to  install  the  system? 


YEAR 

PARTS  IMPACTED  (%) 


7 

8 

9 

NUMBER  OF  RESPONSES  = 11 


YEAR 

1 

2 

3 

4 

5 

6 

7 

8 

9 

JO j 

MINIMUM  (%) 

0.1 

0.5 

1 

5 

10 

10 

10 

10 

10 

10 

MAXIMUM  (%) 

40 

80 

100 

100 

100 

100 

100 

100 

100 

100 

AVERAGE  (*) 

13 

34 

52 

64 

70 

72 

75 

76 

78 

79 

12.  Please  place  a check-mark  in  front  of  those  items  which  you  feel  would  be 
major  advantages  of  this  computer  aided  process  planning  system. 


9 Reduced  Manufacturing  Costs 
1£L  Reduced  Production  Leadtime 
6 Increased  Machine  Utilization 
5 Improved  Product  Quality 


3 Increased  Product  Standardization 
5 Reduced  Critical  Labor  Skills 
1 Improved  Raw  Material  Standardization 
3 Improved  Produclbllity  of  Parts 


_6  Increased  Direct  Labor  Utilization  Better  Plant  Layout 

12  More  Uniform  Process  Plans  Better  Material  Handling 

7 Improved  Cost  Estimating  Procedures  _8  Improved  Production  Scheduling 

3 Better  Make/Buy  Decisions  Improved  Capacity  Planning 

1  Others  (Please  Specify)  Better 
* Number  of  responses  -*■  f j — s — 

Tool  Usage 


13.  Please  place  a check-mark  in  front  of  those  items  which  you  feel  would  be 
major  obstacles  or  disadvantages  to  implementing  the  system. 


10  Economic  Justification 
7 Management  Commitment 

1 Training  of  Personnel 

2 Lack  of  Qualified  Computer  Analysts 
5 User  Acceptance  of  the  System 

7 Interfacing  with  Existing  Systems 


7 Getting  the  System  Debugged  and 
Operational 

3  Insuring  Quality  of  Input  Data 
3 Maintenance  of  the  Data  Bases 
7 System  Complexity  and  Reliability 
0 Others  (Please  Specify) 


10  Establishing  Initial  Data  Bases  for 
Machines,  Tooling  and  Process  Decision 
Rules 


* Number  of  responses 


263 
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14.  Other  Comments? 

(1)  Would  not  implement  system  unless  all  machined  and  fabricated  parts 
were  included. 


15.  Name 
Title 

Organization 

Address 

Phone 


Thank  you  for  your  cooperation.  It  Is  sincerely  appreciated.  Please  return 
this  form  in  the  attached,  self-addressed  envelope  to: 

Mr.  John  D.  Meyer 

Management  & Computer  Sciences  Division 
IIT  Research  Institute 
10  West  35th  Street 
Chicago,  Illinois  60616 
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COMPUTERIZED  PRODUCTION  PROCESS  PLANNING  (CPPP) 

CPPP  provides  u computer  capability  for  process  planning  of  machined, 
cylindrical,  metal  parts.  The  equivalent  of  a fully  detailed  blueprint  is  input 
to  the  system.  The  process  plan  documentation  output  by  CPPP  consists  of  a sum- 
mary of  operations  and  an  operation  sheet  for  each  operation.  The  operation  slieel 
contains  a dimensioned  sketch  and  shows  cuts  to  be  made,  tools,  feeds,  speeds,  ;nid 
other  data. 


The  system  generates  the  sequence  of  metalcuttitig  and  non-metalcutting  operations 
required  to  manufacture  a part.  it  selects  machine  tools  and  determines  the  types 
ol  cuts  to  be  made  in  an  operation.  Planning  data  such  as  tools,  feeds,  and  speeds 
can  he  determined  In  some  situations,  but  tl>ese  will  usually  be  added  by  the  process 
planner  In  this  Initial  version  of  the  system.  It  nuiy  also  be  necessary  to  modify 
CPPP-calculated  dimensions  in  certain  cases. 

Data  base 

td’PP  uses  a large  manufacturing  data  base.  Piles  contaitiing  part  and  raw 
material  specifications,  machine  tool  data,  cutting  tool  data,  and  machinabll ity 
data  are  required.  The  data  base  also  holds  process  rules  which  determine  sequences 
of  operations  and  can  be  applied  to  select  types  of  cutting  tools  for  specific  cut- 
ting s 1 tu.'it  ions , 'lliese  rules  arc  formulated  In  an  English-like  process  planning 
language  developed  for  GPPP  (Figure  1).  Because  manufacturing  rules  are  Included  in 
the  d.ita  base  rather  tlian  in  CPPP  programmltig,  the  system  is  independent  of  local 
manufacturing  practice.  Each  workshop  can  place  Its  own  manufacturing  rationale  In 
its  data  base. 


Alternative  Modes  of  Operation 

A process  planner  operates  CPPP  from  a graphic  computer  terminal.  Three  modes 
of  iipi-ration  are  available:  automatic,  semi-automatic,  and  interactive.  In  the 
automatic  mode,  t.'PPP  uses  stored  process  rules  to  generate  a process  plan  witluiut 
lium.'in  supervision.  Process  rules  are  also  used  in  semi-automatic  operation,  bvit  the 
process  planner  may  review  and  modify  CPPP  decisions  as  they  are  made.  (Figure  2 
slu’ws  the  terminal  display  at  one  revlew/modl  f 1 cat  Ion  point.)  in  the  Inter.ict  ive 
mode,  the  sequence  of  operations  is  specified  by  the  process  planner  In  a dialog 
with  iT’P)’,  The  system  Is  then  used  to  produce  detailed  operation  pl.ans.  In  both 
the  semi-.mtomat Ic  and  Interactive  modes,  the  process  planner  can  choose  varying 
levels  i>l  overseeing  CPPP  by  specifying  which  decisions  lie  wishes  to  review  and 
which  he  will  accept,  lie  can  also  use  these  modes  to  enter  new  data  (e.g.,  tools, 
machines,  feeds,  speeds)  into  the  system. 


CPPP  Processing 


Figure  3 gives  an  overview  of  CPPl’  process  planning.  The  process  planner 
Initiates  a CPPP  session  by  specifying  part  number,  lot  size,  mode  of  operation, 
and  other  data.  CPPP  retrieves  fr(»m  the  data  base  the  part  design,  workpiece 
description  and.  If  desired,  process  rules  for  the  part's  family, 

ihe  first  td’PP  planning  step  is  generation  ol  a sequence  ol  operations.  This 
is  done  using  process  rules  or  through  interaction  between  the  system  and  the  process 
planner,  ifper.atlons  are  defined  In  turn  by  specifying  operation  type,  the  type  ol 
machine  tool  to  be  used,  and  the  p.irt  surlaces  to  be  affected.  Non-metalcutting 
I'peratlons  (p I at ing, heat  treatment,  deburring,  inspection,  etc.)  may  be  generated 
as  well  as  metalcetting  ones. 

ih\ce  the  sequence  of  operations  Is  complete,  each  operation  is  planned  in 
detail.  i'he  procedure  below  Is  used  for  raetalcutt  lug  operatii'us . Decision-making 
is  based  on  economic  analysis  of  cost  and/or  productlvui  rale. 

1.  Identify  candidate  machine  tools. 

2.  Select  candidate  cut  sequences  for  each  machine. 

3.  Identify  candidate  cutter  tools  for  each  cut  in  each  sequence. 

4.  Determine  cut  parameters  (feed,  speed,  time,  tool  Hie,  etc.)  (or  each 
cut  and  tool,  iliese  determinations  are  made  using  machining  recommenda- 
tions rather  than  by  optimizing  mathematical  nu'dels. 

5.  t'hoose  the  best  tools  for  each  cut  sequence. 

b.  Choose  the  best  sequence  for  each  machine, 

7.  Choose  the  best  machine. 

No  economic  analysis  is  performed  for  non-metalcutting  operations. 

Alter  all  operations  have  been  planned  in  detail,  dimensions  and  tolerances 
are  calculated  backward  from  the  last  operation  to  the  first.  For  each  operatli’u, 
tolerances  are  determined,  stock  removal  calculated,  and  workpiece  dimensions  pn'- 
vlous  to  the  operation  are  established. 

Tlu'  completed  process  plan  can  be  reviewed  and  modified  at  the  terminal,  A 
summary  of  operations  and  detailed  operation  sheets  can  be  requested. 

Areas  of  I’osslble  Savings 

cri’P  has,  or  may  have,  cost  reduction  potent  1;»1  In  tlie  following  areas: 


1.  Process  planning  labor  and  lead  time. 
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2.  Reduced  tooling  inventory  due  to  standardized  tool  selection 

3.  Benefits  resulting  from  the  use  of  standardized  rules  to  generate 
sequences  of  operations 

A.  Reduction  in  machining  costs  due  to  the  economic  analysis  of  alternative 
cutting  tools,  cut  sequences,  and  machine  tools. 
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0010  DRAW  MATERIAL  AT  MCOlOO  (BENCH)  $ 

0020  ORIENT  PART  FOR  LONGEST  OD  SETUP  $ 

0030  TURN  OUTSIDE  SURF'ACE  ON  MC3500  (AUTOMATIC  BAR  MACHINE)  IN  NORMAL  IF 
SURFACE  IS  AN  END  (OR) 

FEATURE  IS  A SEMIOPEN  DIAMETER, 

FEATURE  IS  EXPOSED  (OR) 

FEATURE  IS  AN  OPEN  DIAMETER, 

FEATURE  IS  EXPOSED  (AND) 

PROVIDING  THE  FOLLOWING  CONDITIONS  ARE  SATISFIED: 

RESULTING  DIAMETER  SEPARATION  (0.040), 

RESULTING  LONGEST  DIAMETER  (0.025)  $ 

0040  HEAT  TREAT  IN  MC1300  (FURNACE),  MT2700  (FURNACE  2700)  TO  SPECIFIED  HARDNESS  PER 
PMP510  $ 

0050  GRIND  THE  LONGEST  OD  ON  MC2500  (CENTERLESS  GRINDER)  $ 

OObO  DRILL  THE  THRU  BORE  WITH  MC3100  (GUN  DRILL)  IF 
DIAMETER  IS  .LE  0.787  $ 

0070  DRILL  THE  THRU  BORE  WITH  MG 3200  (EJECTOR  DRILL)  IF 
DIAMETER  IS  .GT  0.787  $ 

0080  TURN  OUTSIDE  SURFACE  ON  MC3bOO  (AUTOMATIC  CHUCKER)  OR  MC.9300  (NC  LATHE)  IN 
REVERSE  IF 

SURFACE  IS  A FREE  END  (OR) 

feature;  is  a semiopen  di/\mi;ter, 

FEATURE  IS  NOT  CUT, 

FEATURE  IS  EXPOSED  (OR) 

FEATURE  IS  AN  OPEN  DIAMETER, 

FEATURE  IS  NOT  CJT, 

FEATURE  IS  EXPOSED  (OR) 

FEATURE  IS  A RELIEF  (OR) 

SURFACE  IS  LARGE;ST  OD  BACKFACE, 

SURFACE  IS  NOT  A RE;LIEF  FACE, 

UVIERAL  tolerance  is  .GE  .005  $ 

0080C  TURN  INSIDE  SURFACE  IF 

FEATURE  IS  A COUNT’ERBORE, 

FEATURE  IS  EXPOSED, 

FEATURE  IS  NOT  A SHARP  EDc:E  FEATURE  (OR) 

FEATURE  IS  A RELIEF  (OR) 

FEATURE  IS  A GROOVE, 

FEATURE  IS  EXPOSED 
FEATURE  IS  A COUNTERBORE 

FEATURE  LOCATION  IS  .LE  0.5*PART  LENCn'H  $ 

0090  HAND  REAM  THE  TTIRU  BORE  ON  MC5300  (BENCH  LAP)  IF 
DIAMETER  IS  .LT  0.375  $ 

0100  HONE  THE  THRU  BORE  WITH  MC2830  (AUTOMATIC  HONE)  IN  NORMAL  $ 


Figure  1.  Process  rules  for  generating  sequence  of  operations.  These  rules  are 

compiled  hy  the  CPPP  language  processor.  The  compiled  form  <>f  the  rules 
is  stored  in  the  data  base  and  used  In  process  planning. 
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UTRC  CPPP  SYSTEM.  ACCEPT /MODIFY  GENERATED  OPERATION. 

OP  0030  DESCRIPTION:  TURN 
MACH.  CLASS  1;  0300  LATHE 
MACH.  CLASS  2:  (NONE) 


EDHFCDG  FDEDF 
OOOOOOOOOOUOOO 
00000000011111 
12345b7890123A 
XXXXXXX 


TYPE  C/R  TO  ACCEPT  OPERATION  OR  TYPE  AN  OPTION  AND  THE  REQUIRED  DATA: 

1 NEW  DESCRIPTION  2 MACHINE  CLASS  NUMBER  (I  OR  2),  CODE,  NAME 
3 MACHINE  TOOL  CODE,  NAME  4 LIST  OF  ADDED  CUTS  5 LIST  OF  DELETED 
CUTS  6 (CHANGES  SETUP)  7 (DELETES  OPERATION)  8 (SHOWS  MACHINE 
DATA)  9 (TERMINATES  PLANNING) 

Figure  2.  Terminal  display  at  one  of  the  optional  points  offered 
for  review/modif ication  of  CPPP  decisions. 
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FIGURE  3 OVERVIEW  OF  CPPP  PROCESSING 
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TABLE  H3.  SENSITIVITY  ANALYSIS  ~ If-IPACT  OF  DEMONSTRATION  CPPP 
ON  LARGE  COMPANY  WITH  HIGH  PART  SIMILARITY 


MfJVAL  VALIT  '~tr  PART*  (#K>  = A.'»'«UAL  VALUE  OF  WIFI  (tKi  = 23<»<»0. 
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TABLE  H5.  CASH  FLOW  ANALYSIS  ~ IMPACT  OF  ADVANCED  CPPP 
ON  LARGE  COMPANY  WITH  HIGH  PART  SIMILARITY 
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